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IS.  Abstract 

The  recent  past  has  seen  a gre.  • proliferation  of  avionics  equipment  and  subsystems  to  meet 
new  and  expanded  miss;  m requirements  resulting  in  very  large  systems. 

Not  only  are  the  actual  numbers  increasing,  but  also  they  are  now  appearing  in  all  parts  of 
the  frequency  spectrum,  many  of  them  simultaneously. 

The  application  of  these  systems  in  aircraft  and  the  resulting  mobility  of  the  ground  forces 
results  in  a very  dynamic  ever-charging  highly  interactive  environment. 

New  levels  of  interference  are  being  encountered  as  a result  of  a greater  number  and  closer 
spacing  of  channels  and  the  utilization  of  new  energy  levels,  and  at  the  same  time  a desire  to 
go  further  into  the  noise  to  receive  desired  signals. 

This  meeting  examined  this  area  and  provided  a reassessment  as  to  how  new  systems  can  be 
provided  to  meet  operational  requirements  on  a cost-effective  basis. 
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THEME 

The  recent  past  has  seen  a great  proliferation  of  avionics  equipment  and  subsystems 
to  meet  new  and  expanded  mission  requirements  resulting  in  very  large  systems. 

Not  only  are  the  actual  numbers  increasing,  but  also  they  are  now  appearing  in  all 
parts  of  the  frequency  spectrum,  many  of  them  simultaneously. 

The  application  of  these  systems  in  aircraft  and  the  resulting  mobility  of  the  ground 
forces  results  in  a very  dynamic  ever-changing  highly  interactive  environment. 

Within  the  equipment  and  the  subsystems  themselves  we  have  witnessed  a dramatic 
change  in  the  technology  used.  The  use  of  spread  spectrum,  new  synthesizer  techniques, 
large  scale  integrated  circuits,  multiplexing  of  antennas,  new  power  generation  and  switching 
techniques  are  but  a few.  New  levels  of  interference  are  being  encountered  as  a result  of  a 
greater  number  and  closer  spacing  of  channels  and  the  utilization  of  new  energy  levels, 
and  at  the  same  time  a desire  to  go  further  into  the  noise  to  receive  desired  signals. 

Therefore,  it  would  seem  appropriate  to  re-examine  this  area  and  provide  a reassess- 
ment of  how  we  can  provide  new  systems  to  meet  an  operational  requirement  on  a cost- 
effective  basis. 
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SUMMARY 


Tho  terms  electromagnetic  noise,  Interference,  and  compatibility  arc  defined,  and  some  ol  the  dif- 
ferent definition!  for  theae  tarot  in  current  uaag*  are  discussed  with  emphasis  on  international  defi- 
nitions. For  this  paper,  uolae  is  defined  as  all  electromagnetic  energy  except  that  associated  with  the 
desired  signal  for  a specific  syatea  of  interest.  Categories  of  nolae  are  specified  according  to  source: 
undeslrod  signals  from  intentional  radiators,  nolae  from  intentional  radiators  other  than  the  desired 
signal  frost  that  radiator,  and  the  noise  that  Is  generated  by  unintentional  radiators.  Interference  is 
considered  to  be  an  undesirable  effect  of  electromagnetic  noise  upon  a system  or  subsystem  (i.e.,  the 
degradation  produced)  rather  than  as  a cause  or  source  of  noise.  Electromagnetic  compatibility  is  the 
condition  that  prevails  whan  teleconMinlcatlone  equipment  la  collectively  performing  Its  Individually 
aaalgnad  function*  In  a common  alactromagnatlc  environment  without  causing  or  suffering  unacceptable 
Interference.  Selected  aspects  of  the  fundamentals  of  noise,  Interference,  and  coapatlblllty  ere  dis- 
cussed, and  suggested  definitions  for  theue  tarma  are  offered  for  the  purpose  of  this  meeting. 


1.  INTROPUCTIOK 

The  radio  frequency  spectrum  is  e reusable  quantity  having  the  dimensions  of  frequency,  time,  and 
space;  and  our  telecomsaulcations*  systems  ere  users  of  this  "Invisible  resource,"  as  LEVIN  (1971)  has 
called  It.  The  aultldlmenslonal  spectrum  la  occupied  primarily  by  electromagnetic  noise  from  natural 
and  man-mad*  sources;  desired  signals  for  any  given  system  account  for  only  s small  part  of  It  (Fig.  1). 

To  get  our  telecommunications  systems  to  operate  effectively  together  chile  sharing  this  resource  we  must 
employ  the  tools  of  modern  spectrum  engineering  and  management:  analyses,  measurements,  data  bases,  and 

coordination  processes  (JTAC,  19S8).  In  peacetime  we  must  accomplish  this  within  the  framework  of  the 
international  regulatory  process  (ITU,  1968,  1971.  1973),  and  during  wartime  we  must  accomplish  this 
through  coordination  among  alllus. 

The  topic  of  this  meeting  Is  electromagnetic  noise  (EMN ) , Interference  (EMI),  and  compatibility 
(DIC);  and  the  subject  of  this  paper  la  definitions  and  fundamentals.  For  a given  system,  electromagnetic 
noise  is  all  the  electromagnetic  energy  In  the  environment  of  that  system  exclusive  of  that  forming  the 
desired  signal.  DIN  exists  as  s fact  of  life  (Fig.  1).  Electromagnetic  Interference  is  considered  here 
only  as  an  undesirable  effect,  namely  the  effect  of  degradation  of  the  operational  performance  of  s tele- 
communications systsm  nr  systsms  by  EKN.  The  important  topic  of  electronic  warfare  (EW)  is  not  within 
the  scope  of  tnls  paper.  Electromagnetic  coapatlblllty  is  many  things  to  many  people.  It  can  be  viewed 
as  s goal  that  is  schievsd  when  systems  or  subsystems  are  able  Co  function  sdequatsly  in  their  opera- 
tional environment  without  experiencing  or  causing  unnccaptable  interference.  EMC  also  can  be  considered 
to  be  the  condition  of  having  reached  the  goal.  This  latter  Interpretation  la  most  consistent  with 
common  (nontechnical)  usage  of  the  term  compatibility.  A useful  distinction  exists  between  design  DIC 
and  operational  DIC.  In  many  cases  it  is  butter  to  obtain  the  "solution"  during  the  design  of  a system 
without  waiting  for  the  "problem"  to  occur  during  actual  operations.  The  relationship  between  EMN,  EMI.  EMC, 
and  spectrum  eng lues ring  la  Illustrated  In  Fig.  2.  Definitions  of  these  terms  that  are  in  common  usage 
are  discussed  in  Sec.  2,  and  definitions  suggested  for  use  during  this  meeting  are  presented  In  Sec.  4.2. 

It  is  difficult  to  say  much  that  la  new  regarding  th*  most  basic  fundamentals  of  electromagnetic 
noise,  Interference,  and  compatibility.  Textbooks  already  exist  (e.g. , COOK,  A.  H.,  1971;  FICCHI,  R.  F., 
1071;  TAYLOR,  R.  E. , 1971;  WHITE,  D.R.J.,  1971a,  1971b,  1973;  DUFF.  W.  G.  and  WHITE,  D.R.J.,  1972; 

EVERETT,  W.  W.  Jr.,  1972),  and  they  are  being  Improved.  It  1*  useful  to  categorise  the  noise  sources 
that  contribute  to  the  composite  electromagnetic  noise  environment  according  to  .heir  origin  (natural 
or  man-made)  and,  for  th*  man-made  source*,  according  to  whether  the  source  of  the  radiation  (or  induc- 
tion or  conduction)  is  an  intentional  radiator  or  not  (Fig.  3).  Additional  subcategories  are  mentioned 
in  Sec.  3.1  The  papers  in  the  remainder  of  this  session  will  prwsumably  address  most  of  these  sub- 
categories, discuss  their  technical  characteristics  and  comment  on  their  contribution  to  the  composite 


Telecommunications,  as  used  here,  is  broadly  defined  to  mean  any  transmission,  emission  or  reception 
of  signs,  signals,  writing,  images,  and  sounds  or  Information  of  any  nature  by  wire,  radio,  visual  or 
other  electromagnetic  systems. 
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electromagnetic  noli*  environment.  Th*  unit*  la  which  th*  noli*  (tram  *11  tb*  sources)  1*  ■•••ur*d  *r* 
fundamental;  th*  present  situation  1*  confuted  because  of  lack  of  atandardlaatlon  (aa*  Appendix).  Sob* 
of  tbs  fund*B*ntal*  of  th*  equally  laportant  »oplca  of  th*  *ff*cta  of  nolt*  on  specific  systeae  of  ln- 
c*r*at  <1.*.,  description  of  th*  interference  It  caua**  to  th*a*  ljrit*»)  and  mitigation  of  th*  negative 
aspects  of  th*  *ff*ct*  by  sp*ctrua  engineering  to  produc*  EMC  ar*  discussed  briefly. 

2.  DEFINITIONS 

2.1.  Scop*  of  Definition  Discussion 

Th*  tera  apactrua  engineering  was  colnad  lone  ago  and  was  used  aa  part  of  th*  title  for  th*  Joint 
Technical  Advisory  Cowltt**  (JTAC)  [of  the  Institute  of  Electrical  and  2lectronlcs  Engineers  (IEEE)  and 
th*  U.S.  Electronics  Industries  Association  (EIA)]  report  on  th*  topics  of  noise,  Interference,  coapati- 
blllty,  and  related  aatters  (JTAC,  IMS):  "Spec  true  Engineering— The  Key  to  Progress."  Agreeaent  on 

basic  definitions  Is  a requisite  for  progress  In  all  disciplines  Including  spectrua  engineering. 

Standardisation  of  the  definitions  of  general  engineering  teras,  aa  well  as  the  special  terns  used 
In  spectrua  engineering  and  aanageaent  la  necessary  not  only  froa  the  standpoint  of  technical  needs  but 
al;o  froa  the  standpoint  of  regulatory  (legal),  econoalc  and  even  social  and  political  needs.  Occasion- 
ally conflicts  arise  aaong  these  needs  that  Impact  directly  on  th*  definitions.  Within  th*  North  At- 
lantic Treaty  Organisation  (NATO)  caaaunlty,  standard  definitions  for  the  principal  electroaagnetlc 
symbol a have  been  most  recently  sunnarlsed  by  HALLEY  (1974).  These  ay* bo Is  represent  some  of  th*  basic 
building  blocks  for  sound  spectrua  engineering;  standardisation  of  the  units  for  these  symbols  is  la- 
portant. Even  acronyms  and  abbreviations  ar*  among  th*  useful  tools  (e.g.,  WHITE,  D.R.J.,  1971c),  and  un- 
necessary confusion  results  when  th*  seas  acronym  Is  used  for  different  things. 

Certain  terms  are  required  specifically  for  working  In  th*  area  of  spectrua  engineering  and  aanage- 
aent. At  the  International  regulatory  level,  the  International  Telecommunication  Union  (ITU)  is  the 
recognised  authority.  The  ITU  obtains  Its  primary  technical  *uput  from  the  International  Radio  Consul- 
tative Cosssittee  (CCIR)  which  Itself  draws  on  support  from  other  groups.  Same  of  these  spe'",al  terms 
have  been  defined  and  agreed  upon  within  nonregulatory  International  groups,  such  as  the  International 
Electrotechnical  Coemlaslon  (IEC)  which  la  affiliated  wlv  t th*  International  C.-gsnlsatlon  for  Standardi- 
sation. Other  terms  enjoy  national  definitions  (a.g. , tha  American  National  Standards  Institute,  ANSI, 
and  equivalent  organisations  in  othar  countries),  and  still  other  terms  are  defined  to  facilitate  the  work 
of  specific  groups  some  of  which,  such  as  the  IEEE,  have  International  memberships.  The  IEEE  defers  to 
th*  IEC  whenever  possible  (IEEE,  1972).  NATO  has  generated  some  definitions  (e.g.,  NATO,  1972).  The  Ad- 
visory Group  for  Aerospace  Research  and  Davelopswnt  (AGARD)  functionally  supplements  NATO  In  a manner 
somewhat  analogous  to  that  In  which  the  CCIK  supplements  tha  ITU.  LEIVE  (1970)  and  BURTON  (1972,  19/3) 
discuss  soma  of  the  organisational  and  functional  relationship*  of  soss*  of  these  International  bodies; 
but  the  exact  details  of  these  relationships,  as  they  pertain  to  the  definitions  of  technical  terms,  are 
difficult  to  construct  in  a simplified  format.  It  may  be  observed  that  there  is  some  considerable  vari- 
ation among  definitions  of  even  the  moat  basic  terms  within  th*  standard  references  of  these  groups.  In 
addition  to  the  terms  in  these  "standard"  references,  there  ar*  certain  terms  of  controversy  that  have 
not  yet  achieved  even  th*  level  of  agreeaent  and  consistency  as  those  in  the  references  (e.g.,  some  of 
the  terms  used  by  national  groups  or  subgroups).  Still  other  terms  remain  as  yet  undefined  and  in  need 
of  definition.  Th*  terms  that  form  the  title  of  this  meeting,  electromagnetic  noise,  interference,  and 
compatibility,  will  each  be  addressed  in  greater  detail  and  a few  other  terms  will  be  mentioned  to  repre- 
sent examples  of  the  terms  of  controversy  and  terms  still  requiring  son*  definition.  Some  comments  are 
also  made  on  th*  standard  definitions  for  general  engineering  practice  and  th*  modifications  or  additions 
to  them  that  ar*  necessary  when  they  are  applied  to  spectrum  engineering. 

2.2  International  Regulatory  Definitions  of  Noise,  Interference  and  Compatibility 

2.2.1.  Background 

There  are  no  regulatory  (legal/  definitions  of  either  electromagnetic  noise  or  electromagnetic 
compatibility  at  the  international  level,  although  the  CCIR  worl.s  on  noise  and  compatibility  problems 
(e.g.,  CCIR,  1964,  1974);  however,  there  are  regulatory  definitions  of  interference  (ITU,  1968,  1973). 
International  activities  can  and  do  provide  useful  Inputs  to  tie  regulatory  processes  of  individual  coun- 
tries even  when  no  International  regulations  apply.  For  example,  snt  of  th*  recommendations  of  the 
International  Special  Comslttee  on  Radio  Interference  (CISPR,  see  STUMPERS,  F.  L. , 1970,  1971,  1973)  have 
been  Incorporated  into  the  regulatory  processes  of  several  countries  regarding  Halts  of  emissions  from 
specific  types  of  devices.  The  CISPR  also  makes  inputs  to  the  CCIR,  as  do  other  international  groups, 
e.g.,  th*  International  Union  of  Radio  Science  (URSI). 


9. a. a. 


Interference 


/- 


Th»  international  regulatory  (l*f»l)  definition*  of  Interference  ara  generated  by 
tan*  harmful  Interference  baa  baan  In  uae  (or  a lone  time.  It  la  defined  In  Artlole  1,  No. 
rri*  Radio  Ram  1 at  lana  (ITU,  UMH) : 


tha  ITU 
•3  of  tha 


"Harmful  Intarfaranoa;  Any  emlaalon,  radiation  or  induction  which  indanger*  tha  functioning  of 
a radlonavlgatlon  aervloe  or  of  othar  aafaty  aarvtoar  or  aarloualy  dagradaa,  obatructa  or  re- 
peatedly Intarrupta  a radlocoauunlcation  mi  ,oa." 

At  lta  moat  recant  Planlpotant lary  Confaranca  In  Torraaollnoe,  Spain,  In  1973,  tha  ITU  reaffirmed  In 
Article  4,  Purpoaea  of  the  Union,  that  tha  Union  ahall  In  particular; 


"a)  effect  allocation  of  toe  rad'o  frequency  apactrum  and  regiatratlon  of  radio  frequency  aa- 
alguaenta  In  order  to  avoid  harm  el  Intarfaranoa  between  radio  atationa  of  different  countrlea; 

h)  coordinate  efforta  to  eliminate  harmful  Intarfaranoa  between  radio  atationa  of  different 
countrlea  and  to  Improve  the  uae  made  of  the  radio  frequency  apeotrum,"  (Italic*  added  by  author.) 

Prior  to  the  World  Adninlatrat Ive  Kadlo  Confaranca  on  Space  Telecommunication*  (ITU,  WAKC-8T) 

In  1071,  harmful  interference  waa  the  only  term' with  an  International  regulatory  meaning.  In  the  United 
State*  thla  ten*  haa  bean  part  of  national  ragulatory  prooaaa  for  atany  yaara  (OTP,  1974;  ITCC,  1974),  and 
we  believe  that  thla  la  the  caae  In  other  oountriea.  At  the  ITU, WARC-ST  in  1971,  the  concept  of  planned 
Interference  wa*  Introduced,  ami  the  term*  "acceptable  (or  unacceptable)"  and  "pnrmlaalble”  Interference 
were  need.  Definition*  of  tbe*e  term*  were  not  Included  In  the  Final  Acta  of  tha  WARC-8T  (ITU,  MARC -ST, 
li>7l).  However,  Hecomwendat Iona  Spa  J-lft,  Para.  11.19,  requoated  the  CC1H  to  atudy  the  terma  "acceptable 
(or  unacceptable)  and  harmful  Interference"  with  a view  toward  formulating  ulnar  definition*.  In  Par*. 

9.8.  c,f  thla  aame  recommendation,  the  (TIN  waa  aaked  to  atudy  the  criteria  of  permlaalbl*  Interference 
for  the  varliaia  apnee  and  tcrreatrlul  radio  coaumuiicatlnn  aervicea  sharing  the  frequency  banda  allocated 
by  the  WAHC-ST.  Study  Group  1 (Spectrum  Utilisation  ami  Monitoring)*  of  the  Ct'IR  addreaawd  the  matter 
of  deflnltlona  of  Interference  In  Genova  In  February  and  March  of  thla  year  ami  again  In  July  (CC1R,  1974) 
and  ogrood  to  retain  the  definition  of  harmful  Interference  atated  above  with  the  replacement  of  "Any 
emlaalon,  radiation  or  Induction  which  endanger*  ..."  by  "Any  Interference  which  emlangor*  ,,,,"  The 
Cl' I H Study  Unrip  L made  the  following  ohaorvat  Ion* : "To  avoid  amblgultlea,  It  la  dealrable  to  define 

the  term  'Interference'  ttaelf  before  defining  tpialtflcatlona  or  graduation*  of  It,  Since  the  aole 
pirpoae  of  a receiving  ay*tem  la  to  extract  Information  from  a wanted  emlaalon,  11  appear*  reaaonahte  to 
Judge  unwanted  energy  by  lta  effect  on  auch  wanted  information,  and  to  doflir*  that  effect  aa  Interference." 
(Italic*  added.) 

Several  deflnltlona  were  pul  forward.  The  definition  preferred  by  Study  Ul'du;>  ! wee:  "Inter- 

ference. The  effect  of  on*  or  a combination  of  wnlaalon*.  radlatlona,  or  Induction*  upon  reception  In 
a rad  loctmumm  teat  ton  ayatem,  manlfeatod  liy  any  degradation,  mlareproaentatlun,  or  lea*  of  Information 
which  could  be  extracted  In  the  ahaonce  of  auch  unwanted  energy." 


An  alternative  auggootlon  waa;  "Interference.  The  effect  of  unwanted  energy  repreMonted  by 
one  or  a combination  of  emlaatona,  radiation*,  or  Imtuctlona,  upon  reception  In  a radiocommunication 
ayatem,  manlfeatwd  by  any  degradation,  mlarcpreaentatlon  or  loae  of  Information." 

A almpler  definition  haa  alao  been  auggoeted:  "Interference.  The  effect  of  unwanted  energy 

comprlaod  or  une  or  a combination  or  emlaalon*,  radlatlona,  or  induction*,  upon  reception  In  a radio- 
communication  ayatem." 

The  CC1H  Study  Uruup  1 alao  obaervod  that  In  connection  with  Radio  Regulation*  (ITU,  IMS, 
M»V:i),  there  la  need  for  a term  for  a algnal  determined  te  be  a oauae  of  Interference: 


"Interfering  algnal.  An  amlaalon,  radiation,  or  induction  originating  In  a radioocmxxinlcnt Ion 
ayatem,  which  la  determined  to  he  the  cnviav  of  Interference." 

An  umlealred  algnal  hep  the  potential  tu  oauae  Interference,  but  It  doea  not  bwcamw  an  Interfering  algnal 
until  It  haa  oauaed  degradation. 

No  formal  (.VIR  Keco*  . nidation  waa  forthcunlng,  even  after  conalderable  effort  waa  mad*  to  reach 
agreement  on  the  definition  o'  ihla  moat  haalc  term,  interference.  Thla  obaervatlon  la  not  made  aa  a 
orlttclam.  (hi  the  cimtrary.  the  t't'IH  Study  Group  1 1*  to  be  commended  for  lta  effort*.  The  report 
(1'CIR,  11)74)  waa  acceptetl  by  the  Xlllth  Plenary  Aaaembly  of  the  COIR  In  Geneva  In  July.  Thla  example 


An  ad  hoc  working  group  on  deflnltlona,  uhnlred  by  Mr,  R.  C,  Kirby  (USA,  currently  Dlrwotor,  CCIR, 
Geneva),  provided  a focal  point  for  gei««r*f «ng  much  of  the  information  contained  In  the  remainder  of 
Sec.  9.9.9. 


illustrates  that  coasldsrabl*  effort  will  be  required  to  obtain  International  regulatory  definition*  of 
Bn,  ail,  BIC,  and  related  tome. 

The  tern  "unacceptable  Interference"  waa  ueed  In  the  Final  Acta,  KARC-8T  in  Sec.  IX,  Space 
Radio  Telecommunication  Servlcea,  470VA,  Spa  2,  Pave.  38,  regarding  protection  for  geostationary  satel- 
lites from  noageoetationary  jpaoe  stations  in  the  fixed-satellite  service  (and  their  associated  earth 
stations),  and  footnote  470VA. 1,  Spa  3 added  that  "The  level  of  unacceptable  Interference  shall  be  fixed 
by  agreenent  between  the  adalnlstratlon*  concerned,  using  relevant  CCIR  Reccnswndatlons  as  a guide." 

This  sane  footnote  Is  repeated  as  470VI.1  In  Para.  26,  regarding  satellite  networks.  These  terns  were 
used  without  precis*  definition  In  the  Final  Acts  of  the  WARC-8T  (1971)  and  beoaaie  part  of  the  ITU  Radio 
Regulations  on  1 January  1972.  When  the  CCIR  Study  Croup  1 addressed  defining  acceptable  (or  unacceptable) 
Interference  at  Its  February-March  1974  nesting  in  Geneva,  other  terns  (e.g.,  pernisalble  Interference) 
also  were  dismissed: 

'There  nay  be  associated  with  aha  plionlug  at  operation  of  any  service,  or  with  any  frequency- 
sharing situation,  a low  degree  of  Interference,  or  a sharing  criterion,  which  If  compiled  with, 

Is  Intended  to  assure  satisfactory  performance.  This  degree  of  Interference  Is  variously  re- 
ferred to  as  negligible,  tolerable,  permissible,  etc.  System  planning  and  coordination  must  be 
conducted  on  such  a basis,  relying  on  qutntltativo  predictive  tools  which  allow  predicted  In- 
terference to  be  bounded  by  suitable  quantitative  criteria.  Such  criteria  nay  be  agreed  Inter- 
nationally In  the  C.C.I.R,  or  adopted  as  a matter  of  Radio  Regulation.  A definition  la  pro- 
posed which  emphasises  the  authoritative  nature  of  the  International  agreements  required  for 
quantitative  criteria  for  such  permissible  Interference: 

"Permissible  Interference.  Observed  or  predicted  interference  which  compiles  with 
quantitative  Interference  and  sharing  criteria  contained  in  the  Radio  Regulations 
or  in  Recosmiendatlons  of  the  C.C.I.R.  or  In  regional  agreements  as  provided  for  In 
the  Radio  Regulations." 

"In  certain  services.  Interference  not  complying  with  the  criteria  for  permissible  Inter- 
ference, may  be  regarded  Immediately  as  harmful.  In  other  services,  there  may  exist  a range 
of  Interference  between  permissible  interference  and  harmful  Interference.  In  which  the 
interference  may  be  accepted  by  agreement  between  the  administrations  concerned  or  may  be 
regarded  as  unacceptable.  Views  representing  various  services  are  contained  In  the  documents 
of  several  Study  Groups." 

There  was  general  agreenent  that  a*  one  escalated  from  no  Interference  toward  harmful  Inter- 
ference one  would  next  have  permissible  interference.  Figure  4 gives  a general  Interpretation  and 
references  to  CCIR  documents  used  as  working  papers  at  the  meeting.  Two  basic  questions  were  Involved: 

(1)  Should  there  be  a range  of  severity  of  Interference  between  harmful  (as  historically  defined)  and 
permissible  (as  defined  above)  for  the  various  types  of  service,  and  (2)  If  such  a grey  area  or  "margin" 
wore  to  be  defined  what  should  It  be  called?  Representatives  of  most  of  the  types  of  service  (except 
broadcasting  and  radio  astronomy)  concluded  that  there  should  be  such  a grey  area,  but  no  real  concensus 
emerged  about  what  to  call  It, 

Sosm  delegates  expressed  the  view  that  definitions  of  the  concept  of  acceptable  or  unacceptable 
Interference  attempt  to  define  the  obvious.  Instead  of  definitions,  the  following  explanatory  text  was 

suggested : 

"Permissible  Interference  and  harmful  Interference  could  have  In  some  radiocommunlcation  services 
different  quantitative  values  so  that  there  exists  between  these  two  values  a margin  In  which 
a given  Interference  exceeding  the  permissible  Interference  is  accepted  mutually  by  agreement 
between  the  administrations  concerned.  The  'acceptable  Interference'  and  'unacceptable  Inter- 
ference' referred  to  In  the  Radio  Regulations  are  situated  In  this  margin.” 

Nevertheless,  a number  of  delegations  felt  that  s definition  should  be  considered,  and  tho 
following  definition  was  discussed: 

"Acceptable  (or  Accepted)  Interference.  Interference  which  does  not,  or  does  not  appear  to, 
comply  with  quantitative  criteria  for  permlasible  interference,  but  la  nevertheless  by  agreement 
between  the  administrations  concerned,  considered  to  be  acceptable  for  an  exiatlng  or  planned 
system,  without  prejudice  to  aervioes  of  other  administrations." 

The  conclusion  reached  by  the  CCIR  in  Geneva  read  as  follows: 

"Tentative,  and  In  some  oases  alternative,  definitions  have  been  suggested  for  Interference. 
Interfering  signal,  harmful  Interference,  permlasible  Interference  and  acceptable  (or  un- 
acceptable) lnterfereroe. 

"Further  study  of  thnse  tarns,  and  efforts  to  apply  their  definitions  in  practical  planning 
and  operational  sltuuiis..-,  may  be  expected  to  lead  to  their  improvement  or  replacement  by 
the  time  of  the  XIVth  Plane -y  Assembly  In  edvsnoe  of  the  planned  1979  Administrative  Radio 


Conference,  In  particular,  aarvlca-orlantad  Study  Groups  are  urged  to  consider  tho  quantita- 
tive Interference  and  sharing  criteria  which  will  be  essential  to  meaningful  use  of  the  quali- 
tative definitions." 


/ 

The  suthor  believes  tha:  a margin  or  grey  area  should  be  defined  betwee.:  permissible  and  harmful 
Interference  for  use  by  certain  types  of  service.  The  author  prefers  a scale  of  severity  of  interference : 
none*  permissible-*  negotiable-*  harmful.  The  term  none  would  equate  to  the  condition  of  no  degradation. 
1‘ermlselble  would  correspond  to  the  aacunt  of  degradation  permitted  under  the  ITU  Rules  and  Regulations. 
Negotiable  would  correspond  to  more  degradation  than  that  permitted  by  the  ITU  Rules  and  Regulations  but 
less  than  any  of  the  lnterasted  parties  would  finally  agree  was  truly  harmful  (as  defined  in  the  ITU 
Rules  and  Regulations).  Such  a negotiated  level  of  interference  would,  after  negotiation,  be  "acceptable" 
to  the  negotiating  parties  but  it  would  not  apply  to  others.  Various  proposed  levels  in  this  grey  area 
upon  which  agreement  has  not  been  reached  might  be  termed  "unacceptable"  prior  to  agreement  on  a final 
"acceptable"  level.  These  terms  are  qualitative;  the  boundaries  between  tno  categories  still  require 
analysis  and  technical  quantification.  After  this  quantification  haB  been  accomplished  for  each  type  of 
service  the  boundaries  could  be  plotted  on  an  absolute  scale  analogous  tc-  the  rolative  scale  used  in 
Fig.  4.  When  this  is  done,  tho  boundaries  probably  will  not  bo  aligned  evenly  ar.  they  are  in  the  concep- 
tual representation  of  Fig.  4.  The  boundary  between  none  and  permissible  coulu  correspond  to  the  minluum 
Interference  threshold  (HIT,  e.g  , KRAVITZ,  F.,  1973),  and  the  boundary  between  permissible  and  negotiable 
could  be  quantified  by  the  CCIR  for  the  various  typos  of  service.  There  may  be  utility  to  a firm  boundary 
between  permissible  and  negotiable,  while  it  may  be  useful  to  leave  the  ooundary  between  negotiable  and 
harmful  subject  to  interpretation  on  a case-by-case  basis. 

2.3.  International  Technical  Definitions  of  Electromagnetic  Noise,  Interference,  and  Compatibility 
2.3,1.  Electromagnetic  Noise 

There  are  no  NATO  or  Allied  Communication  Publication  (ACP)  definitions  of  elect romugnetlc  noise 
(JCfi,  1871/1973).  The  definitions  of  electromagnetic  nolso  available  from  several  other  sources  are 
obsorved  to  be  different,  and  tho  terms  nclse  and  disturbance  arc  sometimes  used  interchangeably  (Table  1). 

TABLE  1 DEFINITIONS  OF  ELECTROMAGNETIC  N0I3E  AND  ELECTROMAGNET IC  DISTURBANCE 


Term 

IEEE  Dictionary,  1972 

IEC  International  Electrotechnical  Vocabulary  (IEV),  1973 

Electromagnet lc 
nolae 

An  electromagnetic  disturbance 
that  is  not  of  a sinusoidal 
character. 

An  electromagnetic  phenomenon  that  does  not  correspond 
with  any  signal  and  that  is  usually  Impulsive  and  random 
but  may  be  of  a periodic  nature. 

Note;  In  some  countries,  periodic  phenomena  are  not 
encompassed  by  the  term  "noise." 

Electromagnetic 

disturbance 

»n  electromagnetic  phenomenon 
that  may  be  superimposed  on  a 
wanted  signal. 

Electromagnetic  noise  which  is  liable  to  be  super- 
imposed on  a wanted  signal. 

Note:  The  two  terms  above  have  very  similar  meanings 

and  in  some  countries  the  definitions  may  be  the  re- 
verse of  those  given  above. 

Some  of  the  terms  in  the  IEEE  Dictionary  (1972)  wore  submitted  to  tho  IEC  in  the  preparation  of  the  In- 
ternational Electrotechnical  Vocabulary  (IEV;  TEC,  1973)  by  the  IEEE  Group-2?  on  EMC.  It  is  interesting 
to  note  that  the  IEEE  Dictionary  attributes  at  least  part  of  its  source  for  the  definition  of  electro- 
magnetic noise  to  CI5PR,  which  prepared  Chapter  902  of  the  IEV.  The  point  of  all  this  is  not  to  find 
fault  with  either  the  IEC  or  the  IEEE*  but  to  note  that  there  are  still  inconsistencies  among  their  docu- 
ments regarding  the  definition  of  electromagnetic  noise.  These  inconsistencies  are  most  difficult  for 
the  neophyte  who  attempts  to  use  "standard"  terminology  when  writing  a paper  or  report  or  attempts  to 
read  one. 


The  author'a  personal  preference  is  to  consider  all  electromagnetic  energy  but  that  conveying 
the  intelligence  in  a desired  (wanted)  signal  (ot  energy  required  to  extract  the  intelligence  such  as 
reference  tone)  as  electromagnetic  nolae. 

2.3.2.  Interference 

This  topic  was  discussed  in  the  international  regulatory  sense  in  Sec.  2.2.  Here  the  discussion 
focuses  on  additional  technical  aspect!.  There  are  two  beslc  causes  of  confusion  regarding  the  term  in- 
terference; (1)  The  term  la  commonly  used  to  describe  both  a cause  (i.e.,  source,  e.g.,  DCS  1971/1973; 


The  IEEE  Dictionary  states  that  the  IEEE  Technical  Committees  have  been  instructed  to  give  proference 
to  IEC  Recommendations,  and  obviously  the  IEC  has  beneflttod  from  many  IEEE  suggestions. 


NATO,  1972)  and  an  affect  on  a victim  system  (e.g.,  I EC,  1973).  Webster's  New  Collegiate  Dictionary 
(1974)  define*  Interference  as  "confusion  of  received  radio  signals  due  to  strays  or  undesired  signals," 
and  also  as  "something  that  produces  such  confusion";  and  the  IEEE  Dictionary  recognizes  the  fact  that 
both  uses  of  the  term  are  coono.n  (IEEE,  1972).  The  IEEE  definition  applies  to  signal  transmission  sys- 
tems. Table  2 bummarlzos  these  definitions.  (2)  The  terms  noise  and  interference  ere  commonly  used 

TABLE  2 COMPARISON  OF  DEFINITIONS  OF  INTERFERENCE 


8ource 

Term  and  Definition 

IEC,  ISV 
1973 

Electromagnetic  Interference:  Impairment  of  the  reception  of  a wanted  electromagnetic  sig- 

nal caused  by  an  unwanted  electromagnetic  signal,  nr  by  an  electromagnetic  disturbance. 

JCS 

1971/ 

1973 

Interference:  Any  electrical  disturbance  which  causes  undesirable  responses  in  electronic 

equipment. 

NATO 

1972 

interference:  Interference  Is  define'*  an  any  electrical  or  electromagnetic  disturbance, 

phenomenon,  signal  or  emission,  manmade  or  natural,  which  causes  or  c«n  cause  undeslreu  re- 
sponse, malfunctioning  or  degradation  of  performance  of  electrical  and  electronic  equipment, 
or  premature  and  undeaired  location,  detection  or  discovery  by  enemy  forces,  except  de- 
liberately generated  Interference  (electronic  countermeasures). 

IEEE 

1972 

interference:  Either  extraneous  power,  that  tends  to  Interfere  with  the  reception  of  the  de- 

sired signals,  or  the  disturbance  of  slgnalB  that  results. 

Note:  Interference  can  be  produced  by  both  natural  end  manmade  sources  either  external  or 

Internal  to  the  signal  transmission  system. 

Interchangeably.  The  author's  preference  is  to  consider  noise  as  a cause  and  the  interference  that  may 
result  as  an  effect.  The  JOB  (1971/197S)  definition  uf  harmful  interference  Is  identical  to  that  given 
by  ITU  (1968)  except  that  it  adds  "operating  In  accordance  with  international  regulations"  to  the  end  of 
the  ITU  definition. 

2,3.3.  Electromagnetic  Compatibility 

The  term  electromagnetic  compatibility  was  coined  to  give  a positive  focus  to  the  field  of 
endeavor  that  had  previously  been  called  radio  frequency  interference  (RFI)  and  prior  to  1964  the  IEEE 
Transactions  on  Electromagnetic  Compatibility  were  called  IEEE  Transactions  on  Radio  Frequency  Inters 
ference.  As  stated  In  Soc.  1,  EMC  is  many  things  to  many  people.  To  some  it  is  a goal  toward  which  to 
strive  in  deslglnlng  and  planning  for  the  deployment  of  systems.  To  others  it  is  an  operational  state 
in  which  harmful  Interference  does  not  exist.  There  is  no  definition  of  EMC  In  ACP  167(C),  as  promul- 
gated by  the  JCS  (1971/1973).  To  the  IEEE  (1972),  IEC  (1973),  and  NATO  (U73),  it  is  a capability  of 
electronic  equipment  or  systems  as  described  in  Table  3.  All  three  of  these  definitions  are  similar  to 
the  U.8.  Department  of  Defense  definition  (DCO,  1967/1972),  which  has  been  at.  ed  to  Table  3 for  comparison. 

TABLE  3 DEFINITIONS  OF  ELECTROMAGNETIC  COMPATIBILITY 


Source 

Definition 

IEEE, 

1972 

The  capability  of  electronic  equipments  or  systems  to  be  operated  in  the  intended  operational 
electromagnetic  environment  at  designed  levels  of  efficiency. 

IEC, 

1973 

The  ability  of  signals  and  interference  to  coexist  without  loss  of  the  information  contained 
In  the  wanted  signal. 

RATO, 

1973 

The  capability  of  aircraft  electrical  and  electronic  systems,  subsystems,  assemblies  and  equip- 
ment to  oporate,  as  installed  on  an  aircraft,  without  experiencing  degradation  of  performance 
beyond  specification  limits  due  to  mutual  Interference. 

DOD 

1967/ 

1972 

El<  ctronagnetlc  compatibility  (EMC)  Is  the  condition  which  prevails  when  telecommunications 
equipment  is  collectively  performing  Its  individually  designed  functions  in  a common  electro- 
magnetic environment  without  causing  or  suffering  unacceptable  degradation  due  to  uninten- 
tional electromagnetic  interference  to  or  from  other  equipment  system  In  the  same  environment. 

The  NATO  (1973)  definition  is  limited  to  aircraft  applications;  and,  appropriately,  there  has  been  a 
major  emphasis  on  intrasystem  EMC.  A discussion  of  the  analysis  of  intrasystem  EMC  in  large  ground  and 
•oroapace  systems  has  been  given  by  HIEBERT  and  SCHARFF  (1974)  and  a discussion  of  Intersystem  EMC  was 
given  by  DUFF  (1973).  DUFF  (1973)  also  discussed  the  advantages  and  disadvantages  of  both  measurements 
and  analysis  for  this  class  of  EMC  problems. 

The  author  prefers  the  NATO,  DOD,  and  IEEE  definitions  to  the  IEC  definition  because  the  latter 
does  not  allow  for  planned  Interference  (see  Sec.  2.2.2.)  which,  while  causing  some  loss  of  information, 
is  not  "harmful."  A good  case  can  be  made  for  considering  EMC  to  be  a condition  as  well  as  the  capability 
to  achieve  s condition  (e.g.,  as  pertinent  to  operational  and  design  EMC,  respectively). 


2,4.  National  Administration  and  Group  Definition* 


Many  of  vhe  inter rational  definition*  diaouaaed  In  the  preceding  paragraphs  are  adopted  by  national 
ada in lot rat Iona  and  group*  and  these  group*  suggest  definition*  to  the  International  organization*.  It 
1*  beyond  the  scope  of  thi*  paper  to  do  aore  than  acknowledge  that  numerous  definitions  of  noise,  Inter- 
ference, and  compatibility  exist  at  this  level.  It  might  be  noted  in  passing  that  the  U.S.  DOC  (1967/ 
1972)  found  It  convenient  to  distinguish  between  design  and  operational  compatibility : 

"Design  coaipatlblllty  *a  EMC  achieved  by  incorporation  of  engineering  characteristics  or  fea- 
tures In  all  electromagnetic  radiating  and  receiving  equipments  (Including  antennas)  In  order 
to  eliminate  or  reject  undeslred  signals,  either  self  generated  or  external,  and  enhance 
operating  capabilities  in  the  presence  of  natural  or  man-made  electromagnetic  noise. 

Operational  compatibility  Is  EMC  achieved  by  the  application  of  C-E  equipment  flexibility  to 
ensure  interference -free  operation  in  hoao?eneouu  or  heterogeneous  environments  of  C-E  equip- 
ments. It  involves  the  application  of  sound  frequency  management  and  clear  concepts  and  doc- 
trines to  maximize  operational  effectiveness.  It  relies  heavily  on  initial  achievement  of  de- 
sign compatibility." 

2.5.  Terms  of  Controversy 

It  may  apnear  that  at  the  International  regulatory  level  all  definitions  Involve  terms  of  controversy 
except,  perheps,  harmful  interference,  which  is  usefully  vague  and  which  has  been  employed  for  a long 
time.  A number  of  differences  still  remain  to  be  worked  out  at  the  International  technical  level  be- 
tween the  definitions  pet  forth  by  the  IEC,  IEEE,  etc.  Controversy  still  exists,  for  example,  over  the 
various  definitions  of  system  and  subsystem.  The  IEEE  (1972)  defines  system  as  "an  Integrated  whole  even 
though  composed  of  diverse,  Interacting,  specialized  structure  and  subjunctions,"  and  subsystem  as  "a 
division  of  a system  that  in  Itself  has  the  characteristics  of  a system,"  SACHS  (1974)  has  taken  the 
opposite  approach  and  defined  a system  as  ”a  combination  of  sub-systems  that  performs  a specified  opera- 
tional function,"  and  a subsystem  as  "any  combination  of  circuit  components  that  performs  a specified 
technical  function."  These  definitions  seem  reasonable  enough  until  one  attempts  to  apply  them  to  a spec- 
trum engineering  problem.  Just  ac  one  man's  signal  Is  another  man's  noise,  so  one  man's  system  is  another 
man's  subsystem.  If  a system  is  composed  of  subsystems  it  may  be  necessary  to  define  Interfaces  between 
the  subsystems  for  the  purpose  of  specifying  EMC  performance.  The  hierarchy  of  component,  equipment, 
subsystem,  and  system  can  be  useful  for  some  applications,  bat  it  Is  beyond  the  scope  of  this  paper  to 
pursue  this  topic  further. 

2.6.  Concepts  and  Their  Related  Terms  Requiring  Definition 

Many  concepts  related  to  spectrum  engineering  and  management,  when  better  formulated,  will  generate 
terms  requiring  definition.  One  such  concept  for  which  a definition  has  recently  been  put  forth  Is  that' 
of  an  EMC  figure  of  merit  for  a system  (or  subsystem)  based  upon  the  concept  of  channel  denial  (HAGN,  G.  II. 
and  UISTGARTEN,  M.  N.,  1974).  This  concept  pertains  to  the  capacity  for  compatibility  of  specific  equip- 
ment as  deduced  from  measurements  one  can  make  in  a laboratory  as  differentiated  from  their  actual  opera- 
tional performance  in  any  given  situation.  Extensions  of  this  concept  (and  definition)  may  be  required. 

Another  important  concept  that  requires  definition  is  spectrum  saturation.  This  topic  was  addressed 
by  JTAC  (1968),  but  specific  criteria  were  not  developed.  Channel  occupancy  has  been  defined  by  DAYHARSH 
et  al.  (1969),  HAGN  et  al.  (1971,  1973u)  and  others  (e.g.,  BARGHAUSEN,  A.  F.  and  HAILEY,  L.  G.,  1974).  It 
Is  possible  to  develop  algorithms  relating  waiting  time  to  access  a channel  to  channel  occupancy.  One 
could  then  observe  occupancy,  estimate  waiting  time,  and  define  saturation  of  a given  channel  to  occur 
when  the  mean  waiting  time  (or  some  other  statistic)  exceeded  a given  value  (chosen  to  be  germane  to  the 
mission)  for  a given  percentage  of  the  time.  Other  definitions  of  saturation  in  a given  region  should 
be  explored  for  channels,  bands  of  channels,  etc. 

Spectrum  pollution  by  unintentional  radiators  was  addressed  by  PETERSON  (1974),  in  a session  at  the 
International  Conference  on  Comminicatlons  titled  "The  Radio  Spectrum--Polluted  Pond  or  Flowing  River"? 
which  reviewed  the  activities  of  the  JTAC.  Peterson  notes:  "The  performance  of  many  radio  systems  is 

limited  by  man-made  rat  io  noise,  but  relatively  few  definitive  data  are  available  regarding  the  sources, 
characteristics,  or  effects  of  the  noise.  Even  loss  is  available  concerning  the  impact  of  man-made  noise 
on  spectrum  utilization  and  its  economic  significance.  Discussion  of  noise  characteristics  and  changes 
with  time  have  been  made  difficult  in  the  past  by  the  lack  of  consistent,  widely  accepted  definitions  and 
units  along  with  reliable  standardized  measurements,  procedures  and  equipments." 

Having  considered  the  definitions  of  noise,  interference,  and  compatibility,  let  us  now  consider  a 
few  selected  fundamentals  that  pertain. 

3 . FUNDAMENTALS 

Since  it  is  not  possible  to  discuss  all  the  fundamental  aspects  of  electromagnetic  noise,  inter- 
ference, and  compatibility  in  this  paper,  we  will  select  several  of  the  more  important  aspects  of  each 
of  these  topics. 


3.1.  Noise 


The  sources  that  contribute  to  the  composite  electromagnetic  noise  (EMN)  environment  can  be  cate- 
gorized as  natural  and  man-made  (e.g.,  Fig.  3)  and  ench  of  these  categories  can  be  further  subdivided  in 
a variety  of  ways  (e.g.,  Fig.  S). 


3.1.1.  Noise— A Random  Process 


It  is  most  fundamental  that  noise  be  considered  as  a random  process.  BKNDAT  and  PIERS OL  (1971) 
have  defined  four  main  tyoes  of  statistical  functions  used  to  describe  the  basic  properties  of  random 
data:  (a)  mean-square  values,  (b)  amplitude  probability  denalty  functions,  (c)  Autocorrelation  functions, 

and  (d)  power  spectral  density  functions.  The  mean-square  value,  which  Is  simply  the  average  of  the 
squared  values  of  the  time  history,  furnishes  a rudimentary  description  of  the  intensity  of  any  randan 
data.  The  amplitude  probability  density  function  furnishes  information  on  the  properties  of  the  data  In 
the  amplitude  domain,  namely,  the  probability  that  the  amplitude  will  fall  within  >oat  defined  range  at 
any  Instant  of  time.*  The  autocorrelation  function  and  the  power  spectral  density  function  furnish  simi- 
lar information  in  the  time  domain  and  frequency  domain,  respectively.  For  stationary  data  (in  the 
strict  sense)  the  power  spectral  density  function  technically  supplies  no  new  information  over  the  auto- 
correlation function  since  the  two  are  Fourier  transform  pairs. 


The  noise  process  of  Interest  is  the  one  that  is  seen  by  the  part  of  our  receiving  systeir. 
where  we  are  attempting  to  extract  information  from  the  desired  signal.  We  need  to  describe  this  process 
in  order  to  evaluate  the  performance  of  a particular  system,  and  we  also  need  it  to  design  future  systems 
that  are  more  nearly  optimum  for  operation  in  specific  types  of  noise  environments.  The  same  statistical 
tools  of  the  technical  trade  are  required  for  both  analysis  and  synthesis.  We  are  almost  always  inter- 
ested in  a narrow-band  noise  process  that  is  capable  of  being  characterized  by  an  envolope  and  phase. 

This  condition  exists  when  we  employ  systems  where  the  bandwidth  of  a bandpass  filter  is  a small  fr action 
of  the  center  frequency,  f , to  which  the  filter  is  tuned.  The  instantaneous  value  of  the  noise  process 
at  the  output  of  a narrow-band  filter  can  be  represented  as 

n(t)  = v(t)  cos  [2rrfct  + *(t)]  , 

where  v(t)  is  the  envelope  process  and  e(t)  is  the  phase  process.  We  would  like  to  know  the  statistics 
of  n(t)  at  the  output  of  the  various  stages  of  a proposed  receiver  to  facilitate  receiver  synthesis,  but 
it  is  especially  important  to  know  it  at  the  output  of  the  predetection  filter  to  facilitate  performance 
analysis.  When  we  can  assume  »(t)  is  uniformly  distributed  (as  we  frequently  can  in  the  absence  of  un- 
deslred  signals),  we  can  focus  on  the  envelope  statistics  that  would  be  rbserved  at  the  output  of  a linear 
detector. 


The  average  noise  power  (the  mean-square  value  of  the  envelope  voltage  appropriately  normalized 
by  multiplication  by  the  real  part  of  the  admittance  across  which  the  voltage  is  developed)  is  the  most 
fundamental  measure  of  the  noise  envelope  in  the  random-process  context.  The  basic  unit  used  to  describe 
the  average  noise  power  is  watts  (or  dBW).  For  white  noise  (l.e.,  noise  with  an  autocorrelation  of  zero 
except  at  zero  lag),  it  is  possible  to  divide  the  average  noise  power  by  an  effective  noise  power  band- 
width to  obtain  the  noise  power  spectral  density  (PSD)  in  W/Hz.  The  contribution  to  PSD  from  the  external 
environment  can  be  expressed  in  terms  of  an  effective  antenna  noise  factor,  Fa  (CCIR,  1964).  For  non- 
statlonary  data,  the  PSD  function  over  a given  sample  Interval  still  has  some  utility,  provided  the 
process,  while  not  stationary  in  the  strict  sense,  can  still  be  considered  "stationary  enough."  The 
definition  of  Fa  is 


where 


F = 10  log  f 
a 10  a 


in  decibels 


f 

a 


kT  b 


o 


(1) 


(2) 


pn  is  the  external  noise  power  (in  watts)  available  from  an  equivalent  lossless  antenna  in  bandwidth  b;  k 
is  Boltzmann's  constant  = 1.38  x 10"23  J/  K:  To  is  the  reference  temperature,  288K;  and  b is  the  noise 
power  bandwidth  (in  hertz).  Note  that  f&  is  a dimensionless  qi.antlt];,  however,  it  gives  (numerically) 
the  available  noise  PSD  in  terms  of  kT0  and  the  available  noiae  power  in  terms  of  kTQb.  For  this  reason, 
one  commonly  sees  F with  units  attached  (e.g.,  dB  > kTQb). 


Equation  (2)  can  be  given  as 

P = F + B - 204  dBW  , (3) 

n a 

where  Pn  = 10  log1Q  Pn>  B = 10  log10  b,  and  -204  = 10  log1Q  kTQ. 


*The  Integral  of  the  amplitude  probability  density  function  from  minus  infinity  to  some  value  of  Interest 
is  the  amplitude  probability  distribution  (APD)  function. 


The  relationship  between  f end  the  noise  power  In  terns  of  en  effective  entenne  noise  tempera- 
ture Is  given  by 


f » T /T  , 

a a o 

where  T#  Is  the  effective  antenna  noise  temperature  (in  K). 


Since  the  noise  level  with  which  a desired  signal  oust  compete  may  result  from  a combination  of 
noise  generated  internal  to  the  receiving  system  and  external  noise  from  the  antenna,  it  Is  convenient 
to  express  the  resulting  noise  by  means  of  NORTON'S  (1953)  generalization  of  FRIIS'  (1944)  definition  of 
the  noise  figure  of  a radio  receiver.  The  system  noise  factor,  fs,  cnn  be  defined  in  terms  of  the  losses 
and  actual  temperatures  of  the  various  parts  of  the  system.  Loss  in  the  circuit  is  taken  here  to  be  the 
ratio  of  available  input  power  to  available  output  power  and  will  differ  from  the  loss  in  delivered  power 
unless  a matched  load  is  used. 


If  all  temperatures  are  equal  to  T , the  system  noise  factor  is  given  by 

f =f  -ltfff  , (5) 

s a c t r 

where  fc  is  the  noise  factor  of  the  antenna  circuit,  f^  is  the  receiving  antennn  transmission  line  noise 
factor,  and  fp  is  the  receiver  noise  factor  (SPAULDING,  D.  A,,  and  DISNEY,  R.  T.,  1974).  Equation  5 is 
presented  to  emphasize  that  it  Is  fundamentally  improper  simply  to  take  the  sum  ol  the  antenna  noise 
factor  and  the  receiver  noise  factor  to  obtain  the  system  noise  factor.  Note  that  what  has  been  termed 
processing  noise  in  Fig.  5 is  a man-asade  source  in  one  sense  but  must  be  reduced  to  an  equivalent  f value 
for  use  in  Eq.  (3),  while  the  other  man-made  sources  contribute  to  fp. 


3.1.2.  Noise  Spectra 


It  is  useful  to  study  the  average  noise  power  that  each  of  the  sources  in  Fig.  5 contributes 
(or  can  contribute)  to  the  composite  electromagnetic  environment  as  a function  of  frequency.  Figures  6 
and  7 show  such  data,  excluding  intentional  radiators  and  quantizing  noise  and  natural  sources  such  as 
scintillation  (which  can  be  viewed  as  distortion  of  the  desired  signal  rather  than  natural  noise  in  the 
same  sense  as  the  other  sources).  Man-made  noise  from  unintentional  radiators  is  highly  dependent  on 
proximity  to  the  radiator.  The  empirical  model  of  SPAUIDING  and  DISNEY  (1974)  gives  average  man-made 
noise  power  levels  for  business,  residential,  rural,  and  quiet  rural  areas.  For  comparison,  atmospheric 
noise  data  for  Washington,  D.C.  In  summer  are  plotted  for  day  and  night  (CCIR,  1964).  Note  that,  for 
the  vicinity  of  Washington,  D.C.  In  summer,  atmospheric  noise  from  lightning  tends  to  be  Important  below 
about  10  MHz  at  night  (Fig.  6);  and  man-made  noise  tends  to  become  increasingly  important  when  atmospheric 
noise  drops  off  with  increasing  frequency  above  about  20  MHz.  During  daytime,  atmospheric  noise  is  rela- 
tively unimportant  above  0.1  to  1 MHz  for  the  same  location  and  season.  For  this  example,  galactic  noise 
is  important  only  in  quiet  rural  areas  for  frequencies  above  about  20  MHz.  Figure  6 is  applicable  for 
omnidirectional  vertically  polarized  antennas  such  as  a short  grounded  nonopole. 

Solar  noise  and  thermal  terrestrial  noise  tend  to  be  important  at  the  higher  frequencies  (see 
Fig.  7).  When  the  sun  is  in  the  beam  of  a high-gain  antenna,  it  can  be  a very  important  noise  source 
for  frequencies  well  down  Into  the  VHF  range.  Figure  7 is  applicable  for  vertically  polarized  antennas. 
Note  that  Figure  7 also  gives  receiver  noise  figures,  F^  • 10  log^f  (See  also  Eq.  5.) 

3,1.3.  Noise  Parameters 


Many  parameters  besides  Fa  have  been  used  to  report  the  data  from  noise  measurements.  For 
example,  the  APD  of  tho  envelope  process,  the  average  crossing  rate  (ACR)  for  positive  crossings  of  a 
given  threshold  by  v(t),  etc.,  have  been  found  useful  by  various  workers  (see  HAGN,  G.  H.,  1973b) . 

Parameters  in  common  usage  for  measures  of  the  envelope  voltage-time  waveform  v(t),  include 
the  following  (GESEL0WITZ,  D.B.,  1961): 

• The  peak  voltage  for  the  time  period  (T),  V , which  can  jo  defined  as  the  maximum 
value  of  v(t)  observed  during  T,  although  n§  satisfactory  definition  for  this 
parameter  has  yet  been  standardized  (see  MATHESON,  R.  J.,  1970;  SHEPHERD,  R.  A. 
et  al.,  1974). 

• Qu  as  1-peak  voltage,  V , the  voltage  of  the  quasi-peak  circuit  output  waveform 
(averaged  over  time  that  results  when  the  noise  envelope  is  passed  through  a 
circuit  with  a very  short  charging  time  and  a relatively  long  discharging  time. 

Since  the  quasi-peak  voltage  depends  on  both  the  amplitude  and  the  time  behavior 
of  the  interfering  noise,  it  has  been  found  useful  in  subjectively  determining 
system  performance  (BURRILL,  C.  M.,  1942),  but  it  cannot  be  related  to  other 
statistical  measures  of  v(t)  analytically,  except  for  special  waveforms  (e.g., 

a CW  signal  or  a deterministic  radar  signal). 

• The  rms  voltage,  V^,  is  the  root-mean-square  (rms)  value  of  the  envelope  voltage, 
v(t),  computed  over  time  Interval  T. 


• The  average  voltage,  V>vg,  i»  the  average  of  the  detected  envelope  voltage,  v(t) 
for  the  time  interval  T. 

These  parameters  are  listed  In  order  of  their  magnitude  for  a given  input  waveform  (l.e., 

V_  > V _ > V ->  V ).  The  origins  of  the  parameters  V__«  (used  to  compute  F„)  and  V.„_  lie  in  sta- 

p qp  ' rms  ' avg  rma  a avg 

tistical  communication  theory,  whereas  Vp  and  V probably  evolved  from  a desire  to  observe  an  upper 

bcund  (worst  case)  of  v(t)  and  correlate  it  empirically  with  degradation.  Frequently,  V#vg  is  given  in 
terms  of  V^,:  Vd  = 20  log  (Vpa>  /V>y  ),  in  decibels.  Data  on  for  atmospheric  noise  from  lightning 

were  presented  by  the  CCIR  (1984),  and  data  on  Vd  for  man-made  noise  were  presented  by  SPAUUJING  and 
DISNEY  (1974), 

For  impulsive  noise  consisting  of  nonoverlapping  impulses,  it  is  useful  to  define  the  impulse 
spectral  intensity  (ARTHUR,  M.  G.,  1974)*  to  describe  the  strength  of  the  impulse.  The  maximum  value  of 
v(t)  for  any  given  impulse,  Vm,  can  be  related  to  the  impulse  spectral  intensity  (Sj)  by  the  impulse  band- 
width (b^)  of  the  receiver: 


where  is  in  volt-seconds  (or  V/Hz)  and  b^  is  in  Hr,  For  the  concept  of  impulse  bandwidth  to  be  useful 
and  the  above  equation  to  apply,  the  amplitude-time  waveform  of  v(t)  must  be  narrow  enough  at  the  input 
for  the  response  at  the  output  to  be  dominated  by  the  impulse  response  of  the  filter.  When  the  impulses 
are  overlapping,  it  is  unclear  whether  the  concept  of  Impulse  bandwidth  is  useful. 

The  time  history  of  these  impulses  is  also  Important.  The  rate  at  which  the  Impulses  occur 
represents  one  measure  in  the  time  domain.  Other  useful  parameters  include  the  Impulse  spacing  statistics. 

The  units  used  to  report  the  results  of  noise  measurements  are  not  standardized;  this  has  led 
to  great  confusion,  waste  of  considerable  technical  manpower,  and  significant  errors  in  analyses.  The 
appendix  dlcussses  some  of  these  problems. 

3.2  Interference  (EMI) 

We  have  observed  in  Section  2,3.2.  that  the  term  interference  is  commonly  used  to  describe  both  a 
cause  of  operational  degradation  and  the  effect  of  such  degradation.  Since  we  have  defined  the  composite 
electromagnetic  noise  (uM()  environment  to  be  a cause,  it  seems  appropriate  to  comment  here  on  how  the 
effect  of  interference  (EMI)  can  be  quantified,  prior  to  proceeding  to  a discussion  of  the  fundamentals  of 
electromagnetic  compatibility  (EMC). 

It  la  fundamental  that  the  effect  of  EMN  upon  any  given  system  be  defined  in  terms  that  are  meaning- 
ful to  the  operational  users  of  that  system.  The  degradation  produced,  as  observed  at  the  system  output, 
must  be  relatable  to  some  operational  scenario  (see  Fig.  8).  Frequently  there  is  a requirement  to  define 
a linkage  between  the  description  of  the  performance  of  the  system  being  degraded  as  obseived  by  the  sys- 
tem and  some  analytical  measure  that  can  be  calculated  by  an  Interference  analyst  (e.g.,  KRAVITZ,  F., 

1973).  For  example,  the  degradation  to  a voice  communication  system  might  be  specified  in  terms  of  the 
reduction  in  an  articulation  score  (AS,  the  percentage  of  the  words  understood  correctly  in  a system 
experiencing  interference)  aa  generated  by  a listener  panel.  The  analyst  might  be  able  to  compute  a 
algnal-to-nolse  ratio  (SHR)  at  the  syatem  output,  and  he  would  then  require  the  relationship  between  the 
SNR  and  AS  for  the  system  of  Interest.  If  the  system  Involves  nonlinearities,  he  might  also  need  the 
relationship  between  the  carrier-to-nolse  ratio  (CNR)  at  the  system  input  to  the  SNR  at  the  system  output. 

Among  the  user-oriented  descriptions  of  performance  that  might  be  useful  for  voice  systems  are  the 
articulation  score,  articulation  index  (e.g.,  KRAVITZ,  F.,  1973),  and  perhaps  the  ratio  of  the  time  re- 
quired to  transmit  a complete  error-free  message  (with  the  verification)  to  the  time  required  to  read 
the  message  once.  With  digital  communication  systems,  the  user  is  frequently  interested  in  throughput, + 
whereas  the  system  analyst  can  more  readily  compute  binary  error  rate  (ber).  The  relationship  between 
/ 


ARTHUR  (1974)  pointed  out  that  numerous  terms  for  impulse  spectral  intensity  have  been  used  in  the 
literature  (e.g,,  spectral  Intensity,  spectral  density,  voltage  spectrum,  Impulse  strength  and  inter- 
ference intensity),  and  that  none  of  these  terms  seem  adequate.  He  also  points  out  the  IEEE  Dictionary 
(1972)  definition  for  spectrum  amplitude,  (1/tt  times  the  magnitude  of  the  Fourier  transform  of  a clrne- 
domaln  signal  function)  is  in  error;  1/tt  should  be  replaced  by  the  numeric  2.  A proposed  IEEE  standard 
for  impulse  strength  and  Impulse  bandwidth  (IEEE,  1973)  clarifies  and  corrects  this  error. 

^Throughput  was  defined  by  LEhUM  and  EVANOMSKY  (1971)  aB  the  ratio  of  the  number  of  good  blocks  of  data 
received  to  the  total  number  of  blocks  of  date  transmitted,  expressed  in  percent.  A good  block  of 
deta  is  e block  that  has  no  bit  in  error  whereas  a bad  block  has  one  or  more  bits  in  error. 


ber  and  throughput  usually  depend  * on  the  protection  scheme  (e.g. , coding ) ueed,  and  frequently  It  la 
not  poaalble  to  have  a purely  analytical  relatloaahlp  between  bar  and  throughput,  except  on  the  average 
over  a long  period.  For  radar  systems,  the  operator  nay  be  lntereated  In  eucb  descriptors  aa  tracking  . 
error,  radar  range  reduction,  and  falae  alarn  rate,  / 

For  all  the  above  caaea,  there  la  a need  to  apeclfy  ayaten  input a in  terna  of  description*  of  the 
dealred  signal,  the  total  noise  envlranaent,  and  the  outputs,  In  user-oriented  terns.  There  la  also  a 
need  to  specify  the  performance  level  below  which  further  degradation  will  be  unacceptable.  Some  of  the 
fundaaentals  of  ayaten  performance  analyses  are  discussed  In  the  following  section. 

3.3.  Compatibility  (EMC) 

The  fundaaentals  of  EMC  have  been  much  dlacuased.  This  section  will  concentrate  on  a few  stain 
points.  The  essence  of  a classical  QIC  analysis  problem  la  Illustrated  In  Fig.  9.  The  composite  EMM 
environment  couples  Into  sene  system  of  Interest  and  competes  with  that  system’s  desired  signal.  The 
coupling  mechanisms  of  the  signal  and  the  EMN  may  be  similar  or  different.  The  essence  of  the  problem 
Is  to  determine  the  effect  of  the  undeslred  EMM  In  terns  of  sane  measure  of  the  performance  of  the  sya- 
test  that  Is  meaningful  in  an  operational  context,  as  discussed  In  Section  3.2,  and  to  devise  a remedy 
If  the  degradation  Is  unacceptable.  A first  step  is  usually  to  obtain  a rough  estimate  of  the  performance 
of  the  system  ot  Interest  In  the  absence  of  the  HdM  (but  including  system  processing  noise).  If  the  eyetem 
operates  adequately  for  this  case,  the  computation  can  be  repeated  In  the  presence  if  the  EMM.  If  the 
system  performance  Is  clearly  adequate  for  this  case,  the  analysis  Is  complete.  If  It  Is  not,  steps 
must  bs  taken  to  Increase  the  level  of  the  desired  signal  by  Increasing  the  signal  power  at  the  source 
or  Increasing  the  coupling  to  the  signal,  to  decrease  the  sources  ot  the  noise  contributing  to  the  EMM, 
or  to  reduce  the  coupling  of  the  EMN  into  the  system.  For  example,  DELIS  IE  and  CUIMIM8  (1973)  considered 
mutual  coupling  effects  in  optimizing  antenna  arrays  for  SNR.  Frequently  it  Is  not  possible  to  do  more 
than  attempt  to  reduce  the  coupling  of  the  EMN  Into  the  system.  This  can  be  accomplished  In  various 
ways.  For  example,  one  can  Increase  the  distance  between  the  dominant  sources  of  EMM  and  the  victim 
system,  or  one  can  change  the  frequency  of  operation  of  the  ?ystum;  a combination  of  these  remedies  may 
be  applied.  Alternatively,  filters  or  shielding  and  banding  techniques  can  be  employed  to  reduce  the 
coupling,  or  different  antennas  can  bs  employed.  Recently,  adaptive  antennas  have  been  developed  to 
Increase  SNR.  These  actions  may  be  costly,  and  It  may  be  necessary  to  perform  more  refined  analyses. 

EMC  analyses  are  appropriate  at  various  stages  In  the  life  cycle  of  a system  (DOEPPNSR,  T.  VT.,  1972; 
JANOSKI,  J.  R.,  1972,  1973a, b;  HIEBEKT,  A.  L. , and  SHARFF,  S.  A.,  1974).  At  each  phase  (e.g.,  concept  vail 
datlon,  full-scale  development,  production,  and  deployment),  It  Is  appropriate  to  asseas  the  cost-benefit 
aspects  of  recommendations  for  system  modification  derived  from  EMC  analyses. 

Finally,  It  should  be  motioned  that  many  of  the  tools  of  spectrum  engineering,  as  applied  to  EMC 
problems,  are  the  earn  tools  required  for  working  on  problems  In  electronic  warfare  (EW)  and  In  electro- 
magnetic hazards  mod  effects  (DIE)  due  to  nonionizing  radiation  (see  CORY,  W.  E. , and  FREDERICK,  C.  L. , 
1974).  It  would  be  useful  for  these  technical  camatinltles  to  share  their  analytical  tools,  to  the  ex- 
tent practicable. 

4.  CONCLUSIONS  AND  RECOMMENDATIONS 

4.1.  Conclusions 

The  standardised  definitions  of  QIN,  EMI,  and  EMC  are  likely  to  change  slowly  with  tins  (e.g.,  a 
3-  to  10-year  tine  constant).  The  International  definitions  are  tending  to  converge  (the  1979  World 
Administrative  Radio  Conference  provides  incentive),  but  complete  convergence  may  be  more  of  a goal  than 
a fact  la  1984.  Continuing  effort  la  needed  within  NATO/AQARD  and  the  rest  of  tbs  world  ccmsoiulty,  to 
overcame  the  various  difficulties  (including  simple  language  difficulties)  and  to  work  toward  the  goal 
of  standardised  definition!..  The  "fundament ala”  probably  will  not  change  much  In  the  next  10  years,  but 
the  tools  (e.g.,  analytical  nodels,  deek-top  t loulators,  data  base,  and  measurement  Instrumentation  and 
techniques)  and  knowledge  of  how  to  use  them  should  continue  to  proliferate.  The  lack  of  standardization 
of  tha  parameters  and  units  used  to  report  noise  data  has  generated  much  confusion  sad  wasted  numerous 
man-years  of  technical  effort. 

4.2.  Recommendations 

The  AGAKD  list  ot  standard  symbols  (HALLEY,  P.,  1974)  should  bs  expanded  to  include  terms  such  as 
noise  power  bandwidth  and  others  germane  to  the  study  of  noise,  Interference,  and  compatibility.  It  Is 
recommended  that  tha  term  electromagnetic  noise,  aa  broadly  defined  in  this  paper,  be  used  to  describe 
the  source  ot  the  electromagnetic  environment  and  that  the  term  interference  be  reserved  tor  the  effect 
of  the  environment  on  a system  or  subsystem.  EMC  should  bs  considered  as  a condition.  The  following 
definitions  are  suggested  for  use  during  this  meeting: 

• Electromagnetic  noise  (BIN)  Is  all  electromagnet ic  energy  from  both  Intentional  and 
unintentional  radiators  (except  the  desired  signal  for  a specific  system  of  Interest). 


• Electromagnetic  Idtittmaci  (EMI)  la  the  Impairment  of  tho  extraction  of  Information 
from  a daalrad  electromagnetic  signal  caused  by  electromagnetic  noli*. 

Electromagnetic  compatibility  (EMC)  la  tha  condition  that  prevail*  vhan  telecommunica- 
tion* equipment  ia  collectively  performing  it*  individually  aeelgned  functlon(e)  In  a 
coasaon  electromagnetic  environment  without  cauaing  or  Buffering  unacceptable  electro- 
magnetic lnterfereo.je— or  the  capability  of  achieving  that  cordltlon. 


The  parameter*  and  unite  uaed  to  report  nolee  data  ahould  be  standardized,  and  a meohanlam  ahould  be 
eetabllahed  within  AOAJU)  to  accomplish  thi*  for  NATO, 

APPBiDU:  Unite  of  Noire  Measurement 


A.i.  iinitaoucriott 

Thi*  Appendix  describes  aome  of  the  unite  uaed  to  report  the  results  of  noiee  reeauremente . The  re- 
lationship* (or  their  lack)  between  the  <111  trent  unlta  are  discussed,  and  eome  of  the  problem*  in  at- 
tempting to  compare  noi  data  taken  with  different  inatrumentatlon  are  examined.  Preferred  unit*  are 
recommended. 

A. 2.  DI8CU3SI0P  OF  FACTORS  AFFECTING  TUB  UNITS  USED  FOR  REPORTING  THE  RESULTS  OF  NOISE  MEASUREMENTS 

Aa  observed  by  MAUCER  (1972),  "a  bewildering  array  of  different  unit*  havo  bead  uaed  by  different  re- 
ae archer*  to  report  on  meaaurament  of  even  the  almpleat  of  the  nolae  parameter*."  He  mentioned  19  examples 
of  unite  for  reporting  on  noise  measureaMnts  (see  Teble  A-l);  it  ahould  be  noted  that  Table  A-l  ie  far 
from  completa. 


TABLE  A-l  EXAMPLES  OF  UNITS  USED  TO  REPOKT  THE 
RESULTS  OF  NOISE  MEASUREMENTS 


dB  rbove  kTcB 

dBn/kHz 

dB  above  1 pV/MHz 

dBn/a3 

dB  above  1 pV/m/kHz 

!1W/Hz 

dBuV/n/MHi 

uV/n/kH* 

dBuA/m/MHs  (conducted) 

W/na 

dflm (RMS ) MBs 

W/cma 

dBm (peak )/MHz 

nW/cm2 

rtBm/MHz2 

Joules  (conducted) 

dBm/kHz/m2 

dBm/ (kHz )n  1 £ n < 2 

Tesla  (magnetic) 

To  try  to  clarify  some  of  the  confusion  generated  by  this  proliferation  of  unlta,  let  us  flrat  con- 
sider the  element*  of  e basic  nola#  meter.  The  noise  meters  in  use  today  employ  four  basic  elements: 
antenna,  receiver  (through  the  IF),  det  >ctor,  and  is  taring  ond/tv  date-processing  device  (aee  Fig.  A-l). 

The  antenna  and  receive:.'  select  the  date  spatially  And  spectrally,  respectively.  In  tne  case  of  a v«ry 
narrowband  antenna  and  a wideband  receiver,  the  antenna  uay  also  contribute  to  the  ipectral  filtering 
process.  The  units  used  to  describe  the  results  of  a given  measurement  are  determined  primarily  by  the 
calibrator,  detector,  end  at  ter,  but  the  antenna  and  receiver  characteristics  are  often  uaed  to  normalize 
the  data  in  a way  that  dlrccMy  affects  the  units  used  to  report  the  results.  Let  us  first  consider 
these  normalisations. 

The  antenna  normalization  separates  the  units  that  pertain  to  electromagnetic  field  quantities  from 
those  that  pertain  to  circuit  quantities.  The  an'  ■ xu*  u -'realization  involvas  convsrtlng  a known  (meaaursJ) 
circuit  quantity  (e.g.,  voltage  ox  poomr)  to  a field  quantity  (e.g.,  field  strength  o<  power  flux  density) 
by  normalising  by  a hnown  antenna  #f lautive  length  or  effective  area.  Hares,  a standard  (or  calibrated) 
antenna  must  be  used,  and  the  appropriate  circuit  equation  must  b*  solved.  For  example,  a measured  input 
voltage  is  related  through  a circuit  equation  to  a Thevenin  equivalent  voltage  sou.'ce  defined  as  the  dot 
product  of  the  incident  elec  rlo  field  strength  in  V/a  and  the  vector  effective  length  of  the  antenna  in 
meters.  This  is  one  of  the  procedures  used  to  calibrate  f leld-atrength  meters  (TAGGART,  H.  E.  and 
WORKMAN,  J.  L. , 1969).  After  this  normalization,  tha  received  voltage  in  volts  is  given  aa  an  incident 
electric  field  in  V/m.  Had  the  antenna  effective  area  been  uaed  to  normalize  a received  power,  the  units 
would  hevs  bwon  W/m  . 

Th#  receiver  normalisation  Involves  <;h*  effective  bandwidth.  The  measured  noise  voltage  or  power  la 
observed  In  saae  bandwidth.  Many  workers  normalize  their  results  in  tarns  of  soaw  unit  bandwidth  (1  Hz, 

1 kHz,  or  1 MHz).  This  la  ucefua,  but  it  can  lead  to  problems  when  the  effective  bandwidth  ussd  for  th* 
measurement  is  not  identical  to  tha  unit  bandwidth  being  used  in  the  normalisation.  Car*  must  be  taken 
to  select  th*  appropriate  bendwldth  tor  normalization.  For  example,  effective  noise  power  bandwidth  as 
defined  In  Sec.  3.1.1.  is  germane  for  white  nolae  and  average  nolye  power  measured  with  an  ras  voltage 


datactor  callbratad  with  a Qauaslan  nolaa  aourca.  Tha  lapulaa  bandwidth  aa  daflnad  by  tha  IUK  (1973) 
la  farm  ana  for  impulalva  nolaa  coaslstlng  of  Individual  (nonov*rl*pplng)  lmpul  see  and  for  paak  voltage 
aa  naaaurad  with  a paak  detector  callbratad  with  an  lapulaa  (anaratcr.  f 

Tha  datactor  In  Fig.  A-l  vaa  daalgnad  to  produca  tha  dealred  atatlatic  of  tha  nolaa  anvalopa  to  ba 
naaaurad.  Thla  statistic  glvaa  rlaa  to  tha  baalc  paraaatar  to  ba  metered,  aa  dlacuaaad  In  Sac.  3.1.3, 

Tha  unit  in  which  thv  atatlatic  ara  naaaurad  dapand  on  tha  calibration  source,  tha  datactor,  and  tha 
metor  (and/or  data  procaaaor).  To  avoid  confualcn  It  la  uaoful  to  specify  tha  typa  of  datactor  aa  part 
of  tha  daacription  of  the  paraaatar  being  naaaurad  and  alao  to  atata  tha  aathod  of  calibration  uaad. 

It  would  ba  uaatul  to  conaolldate  into  tha  unite  tha  Information  on  tha  typa  of  detector  aa  wall  aa 
the  typa  of  calibrator  uaad.  One  nethod  for  doing  thla  wouV  he  to  put  the  typa  ot  detector  1'.  parentheses 
after  the  electrlv  j?  v.  . an..  „u  uaa  a aubacrlpt  to  Indicate  tha  typa  of  callb.  tor.  For  oxanpla,  field 
atrangth  for  nolaa  night  ba  expressed: 

dB  > luV(X)y/n,  or  dB  > lpV(X)Y/*/kKr  , 

where 

X = typa  of  detector  (peak,  qp,  rma,  or  avg)  and 

i - type  of  calibrator  (1  for  impulse  generator,  a for  sine-wave  generator,  and 
g for  Gauaaian  nolaa  aourca). 

Hero  it  la  asaunad  that  the  Impulse  generator  is  callbratad  In  tares  of  the  rma  valua  of  a tine  wave,  as 
has  become  standard  practice.  MAQRAB  and  BLGMQUIST  (1971)  sumaarlxed  tha  error  produced  for  several  se- 
lected waveforms  when  peak  and  average  detectors  were  calibrated  with  a CW  signal  generator  and  i<  ;ed  to 
aeasure  other  waveforms. 


Finally,  the  netar  (or  data  processing)  can  influence  the  units. 

A. 3.  RELATIONSHIPS  MET  WEEN  UNITS  FOR  DIFFERENT  PARAMETERS  AND  PROBLEMS  IN  COMPARING  NOISE  DATA 

ObTAINU)  WITH  DIFFERENT  EQUIPMENT  AND  BY  DIFFERENT  INVESTIGATOR* 

Workers  have  triad,  due  to  tha  general  paucity  of  man-made  nolaa  data,  to  convert  noise  data  takon 
wit't  systems  using  detectors  other  than  ms  voltage  detectors  Into  average  power  or  powar  spectral  density. 
This  has  bean  dona  In  order  to  compare  data  taken  by  different  workers  and  to  try  to  determine  tha  fic- 
quency  dependence  of  composite  environmental  noise.  An  additional  motivation  ior  combining  data  samples 
has  bean  to  try  to  determine  the  variation  of  noise  level  with  dlstancw  from  a metropolitan  center  (e.g., 
SKOMAL,  E.  N.,  1963).  Of  course,  these  conversions  of  paak,  quasi-peak,  and  average  voltage  nolaa  data 
to  equivalent  ms  voltage  cannot  be  dona  rigorously  for  the  caee  of  composite  EMN.  Such  conversions  should 
not  be  attempted  without  asking  some  approximations  or  sasumptlons  based  on  empirical  data  for  a given 
type  oi  nolsa  environment  and  Instrumentation. 

For  example,  the  reading  of  a peak  detector  of  the  typa  used  by  the  SAE  In  the  USA  and  a quasi-  peak 
detector  of  tha  iype  used  by  the  CISPR  In  Europe  (and  elsewhere)  for  noise  from  the  Ignition  system  ol  a 
single  automobile  running  at  1300  rpm  Is  said  to  have  been  detemlned  empirically  to  be  about  20  dB  ISAS, 
1974;  BALL,  A,  A.,  and  NETHERCOT,  W. , 1961).  This  conversion  factor  has  been  adopted  by  the  CISPR  and 
SAE,  but  SHn>HFRD  et  al.  (1974)  contended  that  this  conversion  may  be  very  approximate.*  The  difference 
between  the  readings  of  an  ms  detector  and  those  of  a quaal-peak  detector  has  been  measured  for  several 
types  of  noise,  but  the  relationship  varies  significantly  as  the  Input  waveform  or  filter  characteristics 
vary.  One  observation  (by  MATHESON,  R.  J.,  1970)  Indicated  that  one  type  of  quasl-peak  detector  read 
about  10  dB  higher  for  one  type  of  man-made  noise  In  an  effective  noise  bandwidth  of  10  kHz.  As  more  data 
have  become  available,  It  has  become  possible  to  report  separately  the  frequency  and  distance  dependencies 
Inferred  from  data  obtained  with  different  detectors  (o.g.,  SKOMAL,  E.  N. , 1973). 

MAGRAB  and  BLQMQUIST  (1971)  noted  the  errors  that  can  occur  when  various  detectors  arc  csllbrrted 
with  a sine  wave,  using  a CW  signal  generator,  and  used  to  measure  other  waveforms.  This  error  can  be 
compounded  by  taking  the  data  from  a peak,  quasl-poak,  or  average  voltage  detector  in  dB  > 1 pV,  con- 
verting to  volts,  squaring,  dividing  by  SO,  calling  the  result  the  average  power  In  watts,  and  subse- 
quently converting  to  dBW,  dBm,  mW/ca3  (e.g.,  SMITH,  S.  W.,  and  BROWN,  D.  G.,  1973).  It  cannot  be  empha- 
sised too  strongly  that  this  is  not  s correct  procedure.  If  one  Is  going  to  attempt  to  convert  to  average 
power,  even  to  get  crude  estimates,  one  must  make  some  estimate  of  the  conversion  factor  from  the  kind  of 
microvolts  (uV)  measured  to  pV  (rms)  before  squaring  the  voltage  and  multiplying  by  the  real  part  ot  the 
admittance  to  get  power.  The  error  due  to  variation  of  the  true  Input  impedance  from  Its  nominal  value  Is 
usually  small  relative  to  the  error  due  to  uncertainty  in  the  correct  (for  the  input  time  waveform  measured) 
conversion  factor  from  whatever  type  of  voltage  was  measured  to  rns  voltage.  The  uncertainty  In  such  a 
conversion  Is  generally  unknown,  Indeed  unknowable,  for  most  man-made  noise  wtvoforms. 


While  the  23-dB  empirical  relationship  between  the  readings  of  peak  and  quasi-peak  detector*  may  be 
especially  useful  (and  sufficiently  accurate)  for  facilitating  International  trade,  it  should  not  be 
taken  aa  a deterministic  constant. 


A aeocmd  type  of  problem  rotates  to  Um  bandwidth  mullMtloa.  Iloro,  several  types  of  mistake 
or*  mmai  (1)  aaniliilni  by  tb*  wrong  bandwidth  (1.*.,  using  3-dB  bandwidth  whoa  noiae  power  bandwidth 
should  have  boon  used),  (S)  ualnc  tb*  wrong  normalisation  rulo,  (3)  operating  Improperly  oa  a normalised 
voltage  par  ualt  bandwidth  quantity  to  coaputo  power  apootral  density,  (4)  normalizing  fro*  a bandwidth 
that  did  not  contain  a ualfora  apootrua,  aad  (5)  combinations  of  thoa*  mistakes. 


It  la  ooaaaa  praetleo  to  uao  voltage  por  unit  bandwidth  to  report  th*  poak  value  of  Impulsive  nolao 
data.  Thla  la  booauao  an  lapulao  oan  bo  doaorlbod  In  toraa  of  volt-aocoad*  (th*  area  under  the  Input 
voltag*-tln*  o.a),  and  th*  rwapunaa  of  a receiver  to  a vary  sharp  lapulao  ((.*.,  delta  function)  la 
Indeed  the  "Ir  " lae-reeponae"  of  th*  receiver  which  ciepeuda  only  oa  the  volt-awcoodi  cf  the  source  aad 
• i filter  oharaotarlatlc  of  the  rooeivar  (e.g.,  ARTHUR,  If.  0.,  1974).  Thla  live  a rla*  to  the  concopt 
o;  th*  lapulao  bandwidth  of  th*  receiver,  the  correct  bandwidth  to  ua*  for  noraallaatlan  of  peak  voltaq* 
reading*.  When  an  lapulao  goaarator  la  uaod  for  calibration,  th*  unlta  alght  well  be  dfl  > 1 pV/NHs.  If 
thla  quantity  la  convartad  to  power  by  aquaring  volts/MHz  and  noraallalng  by  latpadaaca,  th*  unlta  baoow* 
vatt*/0Bz)a,  and  thla  la  not,  th*  powor  apactrol  dona  it  y (PSD).  Alao,  the  volt*  that  were  squared  war* 
poak  volt*  not  raa  volt*.  If  ana  see*  dfia/kBz,  It  Is  important  to  know  whether  the  power  wza  confuted 
first  and  then  normalized  by  the  effective  noise  power  bandwidth,  b,  to  yield  power  spectral  density  or 
whether  soma  operation  has  been  done  on  the  voltage-p*r-unlt-b  and  width  quantity  and  soae  assumption  nade 
about  the  relationship  between  the  peak  and  rata  voltages.  This  problem  has  given  rise  to  the  units 
dB  > 1 pV/dlHa)1/8  used  (sometimes  Incorrectly)  by  soma  workers  attempting  to  compute  PSD.  Still  another 
bandwidth-related  problem  haa  to  do  with  normalizing  to  a unit  bandwidth  (a.g.,  1 Ha,  1 kHz)  when  the 
data  were  taken  it  e larger  bandwidth  (e.g.,  10  MHs).  Bare  the  problem  la  that  the  assumption  la  mad* 
that  the  PSD  la  constant  across  th*  total  bandwidth (a)  of  interest,  whan  this  alght  not  be  the  case. 


As  previously  mentioned,  acme  authors  prefer  to  report  average  noise  power  aeaaurement*  In  term* 
of  the  parameter  T*  (a  circuit  quantity),  and  others  prefer  to  uae  an  raa  field  strength  In  bandwidth 
(b),  Eg,  in  dB  > 1 (iV/a  (a  field  quantity).  Oms  oan  ralata  these  two  parameters  for  data  taken  with  a 
short,  grounded  vertical  aonopole  antenna  (CCIR,  1964): 

X - » + 20  log  f + 10  log  b - 93.3  dB  > 1 uV(raa)  /a 

n a 10  MHs  10  g 

This  equation  oan  be  erroneously  used  in  two  ways:  It  can  be  used  to  calculate  F^  from  En,  where  the 
measure  of  Eg  was  something  other  than  raa  voltage  (usually  average  voltage),*  and  It  can  be  used  for 
antennas  other  than  short,  grounded  vertical  aonopole  antennas,  where  It  does  not  necessarily  apply. 


Some  confusion  alao  exists  whan  data  are  reported  In  units  of  dB  > 1 pV  (raa) /a/ kHz  because  of 
uncertainty  as  to  whether  the  (raa)  aeans  that  an  ran  detector  was  used  or  that  a peak  detector  was  used 
but  calibrated  with  a CW  signal  generator  reading  the  raa  value  of  a sin*  wav*.  Thla  pertlcular  con- 
fusion can  be  resolved  by  using  the  nomenclature  suggested  in  this  appendix. 


While  not  comprehensive,  thla  discussion  of  problems  at  least  Illustrates  seme  of  th*  difficulties 
retarding  units  and  conversion  between  unlta  that  aria*  in  aeasurlug  and  comparing  nolao  data. 

A. 4.  PREFERRED  UNITS 


Of  th*  units  discussed  above,  there  are  some  preferences  that  will  help  avoid  some  of  the  problems 
described  in  the  preceding  section.  These  preferences  can  be  related  both  to  the  types  of  detectors 
used  and  th*  types  of  nols*  sources  observed,  aa  wall  as  th*  use  to  be  nade  of  the  data.  For  noise 
data  obtained  on  a specific  noise  source.  It  Is  Inport ant  to  specify  the  distance  from  the  source  and  the 
polarisation  of  the  observing  antenna.  For  this  case  It  Is  prefer~ble  to  normalise  out  the  antenna  ef- 
fective length  (or  area)  and  report  the  result*  in  terms  of  field  strength  (or  power  flux  density).  In 
some  cases,  an  additional  normalisation  by  bandwidth  1*  desirable,  whereas  in  other  cases  (e.g.,  CW 
noise)  it  Is  not.  For  noise  date  obtained  in  specific  types  of  environment  (e.g.,  business,  or  residen- 
tial), It  Is  preferable  to  express  the  noise  data  in  terms  of  F(  aud  to  state  the  noise  power  bandwidth 
and  antenna  polarization,  directional  characteristics  and  type,  and  height  above  ground. 


For  CW  noise,  watte  are  preferred  for  circuit  quantities.  Volts  can  be  used  if  the  Impedance  serosa 
which  thay  are  measured  la  specified.  When  a calibrated  field  strength  meter  la  used,  then  V/a  (or 
W/ma)  are  appropriate  for  field  quantities.  Units  involving  bandwidth  norwallaatlon  (e.g.,  V/kKz)  should 
be  avoided  tor  specifying  the  results  of  CW  (or  narrowband)  nols*  measurements.  The  dB  equivalents  of 
these  units  are  equally  acceptable  when  the  reference  Is  adequately  specified  (e.g.,  dBW). 

For  whit*  noise  it  Is  useful  to  relate  the  power  available  from  the  antenna  to  that  available  fvom 
a resistor  at  room  temperature;  hence,  F#  Is  a preferred  parameter.  can  be  expressed  a*  the  noise  power 


Still  another  problem  arises  from  the  current  method  of  constructing  RFI  meters.  These  meters  claim  to 
measure  average  voltage,  whereas  log  amplifiers  are  used  prior  to  the  averaging,  and  what  is  really 
measured  la  the  average  of  the  log  of  the  received  voltage.  The  parameter  V(avg)  can  be  estimated  for 
msn-made  noise,  from  such  data,  by  using  an  empirical  relationship  given  by  SPAU1DING  and  DISNEY 
(1974). 


spectral  density  tr.  dl  > kT  j or,  alternatively,  ••  • noise  power  tn  dB  > W b.  The  preferred  detector 
type  le  the  me  voltage  detector.  An  average  voltage  detector  can  aleo  be  usmds  It  will  read  1.049 
lower  than  an  rma  detector  f or  tha  aaae  white  Guuselan  nolee  at  the  Input. 

An  raa  detector  la  useful  for  giving  the  average  power  of  hlgh-duty-cycle  repetitive  impulse  waveforms; 
the  preferred  unit  la  the  watt.  A peak  detector  la  useful  for  giving  the  peak  of  low-duty-cycle  repetitive 
inpulse  waveforms,  in  units  of  V(peak)/1iz  where  the  lapulae  bandwidth  is  used  for  normalisation.  It  is  also 
laportant  to  specify  the  pul^>~  repetition  frequency  (PRF)  In  pulses  per  second  (pps) . 

An  ms  detector  Is  useful  for  giving  the  average  power  of  random  impulsive  noise  waveforms;  the  pre~ 
ferred  unit  la  watts,  frequently,  though,  the  APD  and  other  parameters  are  required  to  describe  this 
type  of  noise  adequately.  The  APD  can  be  Riven  In  decibels  relative  to  a known  average  power  value.  The 
average  numbers  of  positive  level-crossings  or  of  pulses  per  second  exceeding  a given  threshold  are  also 
useful,  and  the  period  over  which  the  average  was  computed  should  be  specified.  The  type  of  calibrator 
used  to  establish  the  thresholds  should  also  be  stated.  When  the  ratio  of  VrBB  to  VB  Is  large  (l.e., 
large  Vd),  It  Is  sometimes  necessary  to  use  a peak  detector  to  observe  the  noise  at  all.  For  this  case. 

It  le  desirable  to  calibrate  with  an  lapulae  generator  and  use  V/Hx  as  the  units.  This  measurement  pro- 
cedure Is  applicable  only  to  relatively  large,  nonoverlapping  impulses. 

These  preferred  units  are  the  author's;  clearly  ai.tltloaal  discussion  of  thts  topic  Is  required. 
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FIGURE  1 EXAMPLES  OF  CONTRI PJT IONS  TO  THE  COMPOSITE  ELECTROMAGNETIC 
ENV  IRONIC  NT  BY  INTENTIONAL  AND  UNITENTIONAL  RADIATORS- - 
AS  OBSERVED  WITH  A SCANNING  RECEIVER  (AFTER  VINCENT,  W.  R. , 
AND  DAYHARSH,  T.  I. , 1969) 
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FIGURE  2 RELATIONSHIP  BETWEEN  ELECTROMAGNETIC  NOISE  (EMN) , 

INTERFERENCE  (EMI),  COMPATIBILITY  (EMC),  AND  SPECTRUM 
ENGINEERING 
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FIGURE  3 CATEGORIES  OF  SOURCES  CONTRIBUTING  TO  THE  COMPOSITE  ELECTROMAGNETIC 
NOISE  ENVIRONMENT 
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FIGURE  4 THE  SPECTRUM  OF  SEVERITY  FOR  INTERFERENCE  TERMINOLOGY 

FOR  SELECTED  SERVICES  AS  DISCUSSED  BY  CCIR,  GENEVA,  1974 
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FIGURE  5 SOURCES  OF  THE  COMPOSITE  ELECTROMAGNETIC  NOISE  (EMN)  ENVIRONMENT 
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FIGURE  7 TYPICAL  RECEIVER  NOISE  FIGURES  AND  EXTERNAL  NOISE  FACTORS 
FOR  VARIOUS  RADIO  NOISE  SOURCES  (PRIVATE  COMMUNICATION, 

A.  D.  SPAULDING,  1974) 


FIGURE  8 EXAMPLE  OF  OPERATIONAL  SCENARIO  (AFTER  ZIMBALATTI,  A.  G. , 1972) 


DISCUSSION 


F.  J.  CHESTERMAN:  Qualitative  definitions  are  relatively  easy,  but  quantitative  definitions  are 
extremely  difficult  If  not  Impossible. 

G.  H.  HAGN:  Qualitative  definitions  are  not  exactly  easy,  but  quantitative  definitions  are  orders  of 
magnitude  more  difficult.  Nevertheless  good  progress  was  made  by  the  CCIR  this  year  on  qualitative 
definitions  of  categories  of  Interference  of  Increasing  severity.  Hopefully  quantitative  definitions 
of  permissible  Interference,  etc.  will  be  put  forward  for  each  type  of  service  and  agreement  can  be 
reached  on  both  qualitative  and  quantitative  definitions  of  several  gradations  of  Interference  severity 
prior  to  the  World  Administrative  Radio  Conference  In  1979. 

G.  TACCONI:  I ask  whether  In  the  «Spectrum  Eng1neer1ng»  definition  namely  the  word  "Spectrum"  has  to 

be  Interpreted  In  strict  sense  or  broad  sense. 

G.  H.  HAGN:  The  word  spectrum  Is  used  In  the  broad  sense.  Spectrum  engineering  and  management  Involves 
the  use  of  analyses,  measurements,  data  bases  and  coordination  processes  to  achieve  EMC. 

M.  THUE:  The  negotiable  noise  level  cannot  be  set  quantitatively;  the  acceptable  noise  level  depends 
on  local  environment  conditions  and  should  be  agreed  on  by  the  organizations  responsible  for  the  various 
systems  considered. 

On  the  other  hand,  the  permissible  noise  level  (which  can  always  be  accepted)  and  the  harmful 
noise  level  (which  can  never  be  accepted)  have  already  been  decided  upon  by  a number  of  Committees 
of  CCIR  for  some  systems  (fixed  source  by  Hertzian  beam  or  by  satellite,  broadcasting,  television) 
and  within  some  bandwldths. 

G.  H.  HAGN:  I agree.  It  Is  against  the  very  principle  of  negotiation  to  do  more  before  a specific 
situation  arises  than  define  where  the  negotiation  must  begin  (e.g.,  in  this  case  the  boundary  between 
permissible  and  negotiable).  The  tree  definition  of  permissible  really  lies  In  the  quantification  of 
the  boundary  (l.e.,  the  level  of  severity  of  Interference  above  which  one  must  negotiate). 

S.  C.  KLEINE:  What  makes  officials  hesitate  to  agree  upon  qualitative  and  quantitative  definitions, 
bad  or  useful  at  least  provisionally,  just  for  the  sake  of  having  a common  definition? 

G.  H.  HAGN:  There  are  many  reasons  why  It  Is  difficult  to  obtain  agreement  on  basic  definitions,  and 
the  process  by  which  internationally  accepted  definitions  evolve  Is  a topic  worthy  of  study  In  its 
own  right.  Regarding  definitions  of  electromagnetic  noise,  Interference  and  compatibility  I can 
mention  a few  reasons.  Agreement  on  qualitative  definitions  is  hampered  by  many  factors  including: 

1.  Differences  in  current  usage  (e.g.,  the  dual  usage  of  the  term  Interference  to  describe  bo'-h 
the  soerre  of  degradation  and  the  degradation  produced). 

Differences  In  the  languages  Into  which  the  definitions  must  be  translated. 

Differences  In  the  level  of  detail  required  by  different  groups. 

>.  And  Human  factors  such  as  pride  of  authorship  (e.g.,  the  "not-invented-here"  phenomenon). 
Agreement  or  quantitative  definitions  Is  somewhat  less  hampered  by  the  items  discussed  above.  The  true 
vested  Interests  of  the  types  of  services  as  well  as  those  of  the  national  administrations  are  even 
tronglv  impacted  on  by  the  method  used  to  quantify  a qualitative  term  (e.g.,  permissible 
‘erence)  and  the  actual  level  chosen  for  a given  type  of  service.  There  may  be  differences  in 
ci.  larance  to  interference  by  users  of  the  same  type  of  service  In  different  countries.  The 
del  < cions,  once  accepted,  may  be  difficult  to  modify  (even  when  modifications  become  desirable  due 
to  . nces  In  technology).  The  economic  Implications  as  well  as  other  nontechnical  implications 
may  oe  very  large. 

CPT  P.  HALLEY:  In  Figure  5 of  your  paper,  you  have  indicated  designations  which  are  either  verbal 

descrlot  ns  or  literal  expressions  of  the  disturbing  effects  of  interferences.  It  would  be 
advlsabl  to  devise  a more  accurate  description,  with  references  to  a conventional  code  from  0 to  5, 

like  that  of  QSA.  I would  suggest  the  following  table: 


QSA  Interference  Signal 


5 None  Pure 

4 Permissible  S » I 

3 Disturbing  S > I 

2 Harmful  S < I 

1 — S « I 

0 Pure  None 


G.  H.  HAGN:  I believe  such  a code  may  be  useful  In  Its  own  right  as  well  as  being  an  Intermediate  step  In 

the  development  of  definitions  of  these  terms  from  the  qualitative  to  the  quantitative.  Perhaps  It  would 
not  be  necessary  to  have  the  six  levels  you  define;  rather,  It  should  be  sufficient  to  employ  only  as  many 
levels  as  there  are  qualitative  terms  (e.g.,  none,  permissible,  negotiable  and  harmful).  Regarding 
nomenclature,  I believe  It  would  be  better  to  avoid  the  use  of  the  symbol  "I"  as  you  have  used  it  since 
this  would  tend  to  encourage  the  use  of  the  term  Interference  to  describe  the  source.  If  we  define  Sd 
as  the  average  power  for  the  desired  signal  and  Nt  as  the  total  average  electromagnetic  noise  (EMN)  power 
In  the  bandwidth  of  Interest,  then  one  could  attempt  to  quantify  Sd»Nt  as  it  relates  to  grade  of  service 
for  the  different  types  of  service.  For  some  types  of  service  this  may  be  sufficient  for  quantifying  what 
is  meant  by  permissible;  but  for  others  it  may  be  necessary  to  give  more  Information  (e.a.,  the  percent  of 
locations  that  a given  grade  of  service  will  be  exceeded  for  a given  percentage  of  the  time,  as  has  been 
discussed  by  K.  A.  Norton,  P.  L.  Rice,  and  others).  It  Is  Important  that  the  quantitative  definition 
Finally  worked  out  be  capable  of  verification  by  measurements  for  existing  systems  and  be  capable  of 
estimation  by  analytical  models  for  systems  which  are  Deing  planned. 
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SUMMARY 


Moat  atudlea  of  atmospherics  In  the  paat  hava  dealt  with  the  subject  on  the  baais  of  the  fre- 
quency domain  aa  a linear  phanomanon.  From  the  special  point  of  view  of  working  to  improve 
communications  systems  performance,  there  are  advantages  to  be  derived  in  viewing  the  problem 
in  the  time  domain.  This  permits  the  application  of  nonlinear  techniques,  for  example,  by 
circuitry  gating  at  the  input  before  the  nolae  pulses  shock  excite  resonant  circuits.  This  paper 
deals  with  wide  band  measurements,  up  to  200  megahert  of  the  "fine-structure"  of  radiation  from 
Individual  discharges,  as  well  as  longer  consecutive  records  of  the  character  and  spacing  of 
pulse  components  of  branching  streamers  and  repeated  dischargee,  which  have  hitherto  been 
unaveilsble. 

Direct  lightning  Interception  studies  both  by  us  In  tha  U.S.A.  and  recently  in  France,  are 
discussed  In  relation  to  discharge  noise  characteristics.  Also  our  research  on  artificial 
lightning  discharge  'noise'  propagation  and  reception  at  various  distances,  are  presented  as  a 
unique  tool  for  atmospherics  propagation  studies. 

1.0  INTRODUCTION 


In  attempting  to  Improve  communication  systems  performance  In  the  presence  of  atmospherics 
noise,  there  are  advantages  to  be  derived  from  viewing  the  problem  both  in  the  frequency  and 
tine  domain.  Consideration  of  atmospherics  generation  from  numerical  calculations  of  the  channel 
current  during  the  formative  stages  along  with  laboratory  reproductions  and  time  resolved 
panoramic  measurements  of  natural  atmospherics  suggest  soma  approaches  to  Improved  signal  detection 
In  the  presence  of  atmoapherlca. 

2.0  LIGHTNING  STROKE  DISCHARGE  MECHANISMS  AND  NOISF. 


The  complexity  of  atmoapherlca  wave  shapes  and  corresponding  radio  intarference  are  Influenced 
strongly  by  the  lonlxed  streamer  propagation  mechanism  of  the  lightning  discharge.  Vhen  spark 
breakdown  of  a stressed  region  occurs,  the  rate  of  current  transfer  Is  Influenced  by  the  rata 
of  transfer  of  charge  In  the  cloud  mass  Itself  and  by  the  characteristics  of  the  Ionised  path  of 
breakdown.  Photographs  taken  by  Schonland,  with  a rotating  Boys  camera,  illustrated  the  formative 
stages  of  the  lightning  stroke  and  showed  that  the  development  of  the  breakdown  Is  a progressiva 
process,  the  leader  stroke  proceeding  by  a series  of  steps,  such  as  Illustrated  In  Figure  la. 

As  a group  of  branch  straonara  develops,  electrical  charges  are  transferred  from  the  cloud  to 
the  newly  Ionised  streamer  channels  tdilch  act  as  charge  storage  (capecltatlve)  element.  The 
corresponding  charging  time  through  the  nonlinear  resistance  of  tha  feeding  channel,  which  Is  high 
Initially  and  drops  In  value  aa  a function  of  the  charge  transfer  through  It,  causes  a time  delay 
of  potential  propagation  along  the  streamer  as  new  streamer  channels  ere  charged.  These  In  turn 
will  then  be  raised  sufficiently  high  in  potential  at  their  tips  to  fora  new  branching  streamers, 
and  so  the  process  Is  continued.  This  results  In  a step  process  with  corresponding  multiple 
current  peaks  during  the  lightning  channel  propagation  period. 

An  equivalent  circuit  for  the  stepped  leader  stroke  Is  assumed  to  be  that  shown  In  Figure  lb. 

The  resistance  In  a part  of  the  channel  through  which  current  Is  passing  Is  assumed  to  vary  with 
the  time  according  to  the  formula  r ■ 'rj q,  where  k Is  a constant  and  q(t)  " 1 dt  Is  the  charge 
which  has  passed  through  that  part  of  the  channel.  A formula  of  this  form  has  bean  found  by 
M.  Toepler  to  be  valid  for  the  resistance  per  unit  length  of  short  sparks.  The  capacitance  C 
represents  the  large  storage  capacitance  of  multiple  charge  tapping  streamara  within  the  cloud. 

The  capacitances  C2,  C3,  ...  are  estimated  from  the  mnplrlcal  photographic  data  on  the  lengths 
of  the  steps  of  the  leader  stroke. 

Owing  to  the  presence  of  the  nonlinear  resistances  in  the  equivalent  circuit,  calculations 
were  made  by  numerical  step-by-step  methods,  using  reasonable  circuit  parameters  based  on  observed 
leader  dimensions.  The  calculated  form  of  the  discharge  current  at  the  cloud  Is  shewn  In  Figure  lc. 

The  resultant  currant  flow  shown  In  Figure  lc  Is  seen  to  be  in  s series  of  pulses  with  an 
Increasing  spacing  corresponding  to  audio  frequency  pulse  train  decreaalng  from  about  12  kc,  which 
Is  of  some  Interest  as  it  would  account  for  some  short  whistling  notes  observed  In  lew  frequency 
aferlc  measurements.  It  also  follows  from  a study  of  the  course  of  the  step-by-step  calculations, 
that  as  the  channel  approaches  the  earth  plane  or  on  oppositely  charged  cloud  ares,  the  gradient 
would  Increase  for  successive  steps  which  would  result  In  an  ascending  frequency  note.  Thus  this 
mechanism  could  conceivably  account  for  some  short  observed  "whistlers"  or  "tweaks"  of  both 
ascending  and  descending  frequency.  This  suggestion  Is  not  proposed  as  a substitute  for  the 
Ionosphere  propagation  theory  proposed  originally  by  Eckersley,  and  more  recently  by  Storey,  for  the 


* Presently  Research  Professor,  Florida  Institute  of  Technology  and  Research  Director  of 
Lightning  and  Oceanlcs  Research  Institute. 


long-delayed  vhiatlara  and  whistler  trains,  bat  rathar  to  possibly  account  for  a number  of  abort 
audio  pulaa  trains  Ilka  two aka,  tvaats , ate,  somewhat  similar  to  ‘Vhiatlara"  which  may  naad  to  ba 
accounted  for  separately  frm  the  whistlers  explainable  by  Ionospheric  propagation  theory. 

The  calculated  stopped  pulse  spacing  of  Tlgura  lc  turned  out  to  bo  In  surprisingly  close 
agreement  with  corresponding  spacing  of  light  intensifications  of  Dr.  Schonlsnd’s  stepped  leader 
photographic  records.  Thus  the  proposed  channel  mechanism  electrical  circuit  equivalent  aeons 
a fairly  accurate  and  useful  representation  fron  which  various  characteristics  of  radiated 
Interference  nay  ba  readily  cbduced  and  checked  with  corresponding  laboratory  experiments . 

3.0  LABORATORY  REPRODUCTION  OF  THE  LICHTNINC  CHANNEL  BRANCHING  EFFECTS 

Little  Is  known  from  direct  measurements  of  the  nanner  in  which  the  propagating  discharge 
channel  taps  charges  within  the  cloud.  It  la  reasonable  to  expect  that  channel  streamers  will 
also  propagate  Inwardly  into  the  cloud  mass,  a process  which  besides  commencing  simultaneously 
In  multiple  paths  Into  tha  cloud  could  be  expected  to  speed  up  after  the  'reflected*  current  wave 
in  a stroke  to  ground  lowers  the  cloud  potential  at  the  origin  of  the  groundward  channel. 

The  channel  propagation  mechanism  equivalent  circuit  of  Figure  lb  was  reproduced  experimentally, 
as  shown  In  Figure  2a. 

The  system  of  vertical  Hues  soon  in  the  photograph  are  rubber  hoses  with  slightly  conductive 
water  Inside  coupled  to  a parallel  grounded  feed  system  overhead.  Conductivities  of  the  branch 
paths  ers  readily  varied  to  correspond  to  lightning  branch  streamers.  In  the  above  experiment 
the  branch  channel,  at  A,  formed  a main  discharge  to  ground,  while  the  guided  discharge  seen 
faintly  from  A to  B tilth  no  ground  return  stroke  represented  the  equivalent  of  a cloud  to  cloud 
discharge. 

An  Important  conclusion  fron  the  artificial  channel  experiments.  In  relation  to  theory  of  cloud 
charges.  Is  that  the  progressive  charging  of  new  areas  by  the  advancing  streamer  of  a lightning 
dlecharge,  as  Illustrated  In  Figure  2a,  requires  relatively  low  cloud  potentials.  This  la 
further  shown  In  the  llluatreted  demonstration  setup  of  Figure  3(a)  where  a 20,000  volt  charged 
condenser  produces  e two  foot  long  apark  which  la  about  50  times  as  long  as  a single  spark  unaided 
by  the  step-by-step  branch  streamer  equivalent  mechanism  shown  schematically  In  Figure  3(b) . 

4.0  INFLUENCE  OF  THE  DISCHARGE  MECHANISM  OH  THE  RESULTANT  CHAM* EL  CURRENT 

AND  RADIATED  SFERICS  WAVE  SHAPES 

The  discharge  channel  characteristic  pulses  shown  in  Figure  lc  are  considered  a very  Important 
factor  In  dataiv  Inlng  the  nature  of  atmospherics.  Consequently  the  artificial  lightning  generator 
and  propagation  mechanism  setup  of  Figure  2 la  being  expanded  to  provide  discharge  channels  over  50 
meters  in  length  so  that  measurements  nf  channel  resistivities , surge  Impedances,  and  propagation 
velocities  can  ba  studied  on  a scale  c sparable  to  natural  lightning  phenomena. 

In  the  preliminary  Investigations  with  the  small  model  channel.  Illustrated  in  Figure  3(a), 
oscillographic  records  were  made  of  the  current  variations  across  the  shunts  as  whown  In  Figure  3(b) ; 
the  shunt  locations  left  and  right  correspond  to  the  top  and  bottom  of  the  channel.  Though 
equivalent  branching  streamer  capacitances  and  jumping  distances  are  on  a much  smaller  scale  than 
actual  lightning  discharges,  the  oscillograms  obtained,  as  shown  in  Figure  4(a,b,c),  show 
characteristic  pulses  of  the  lightning  channel  discharge  current  propagation  process  which  are 
similar  to  the  current  oscillogram  shown  In  Figure  4(d)  obtained  In  an  airplane  which  intercepted 
a natural  lightning  discharge  considered  to  have  taken  place  between  clouds. 

Considering  the  many  separate  pulses  contributed  by  the  main  channel  streamers,  illustrated  In 
calculated  curves  and  oscillograms,  and  also  similar  processes  in  tapping  different  cloud  charge 
canters,  we  obviously  obtain  In  the  radiated  'afaricV  complex  wave  forms  sometimes  difficult  to 
distinguish  from  nultlole  reflected  simpler  dlsch'.-gaa.  Propagating  straamers  such  as  have  been 
observed  to  progress  for  tens  of  kilometers  fo.*  as  long  as  a second  could  thus  produce  almost 
continuous  Interference  ranging  from  ahort  auilo  frequency  pulse  trains  to  components  of  ssveral 
hundred  megacycles.  Figure  5 shows  same  oscillograms  of  induced  lightning  wavs  forms  in  the  four 
meter  single  turn  shielded  aperiodic  loops  '.ocatod,  as  shown  In  Figure  2a,  on  top  of  the  laboratory. 

Aside  from  lightning  atmospherics,  other  transient  disturbances  nay  be  Induced  on  an  antenna 
under  thunderstorm  conditions.  Figure  6 illustrates  possible  transients  from  corona,  adjacent 
Insulator  surface  streamerlng,  and  from  jharged  rain  drops.  While  these  transients  should  not  be 
alrcreft  communications  and  probably  account  for  much  of  the  radio  interference  encountered  under 
thunderstorm  conditions.  In  making  measurements  of  sf erics  it  Is  therefore  Important  to  reduce 
possible  Interference  fron  associated  corona  streamer  and  rain  drop  affects  by  properly  shielding 
the  antenna  systems. 

After  asking  sure  by  proper  antenna  shielding  and  checking  tests  thst  tha  interference  wave 
forma  were  related  directly  to  lightning  discharges,  we  resolved  typical  atmospherics  into 
harmonic  components  both  analytically  and  by  direct  measurement  of  excitation  effect  on 
different  frequency  range  communication  receivers. 

5.0  RESOLUTION  OF  ATMOSPHERICS  BY  HARMONIC  ANALYSIS 

Mathematical  representation  of  atmospherics  Involves  difficulties  which  arise  from  the  fact 
that  atmospherics  are  atochastlc.  In  simple  (but  not  completely  accurate)  language,  this  means 


that  a given  ataoapharlc  nolaa  train  la  only  ona  member  of  an  Infinite  sample  apaca  of  poaaibla 
nolaa  tralna  and  that  tha  altuatlon  la  baat  described  by  tha  probability  dlatrlbutlon  ovar  thla 
a asp la  apaca  of  nclaa  tralna. 


If  onn  wlahaa  to  avoid  a traataant  of  atmospherics  which  la  baaed  on  tha  above  consideration*, 
one  might  treat  each  obaarvad  ataoapharlc  by  aaana  of  haraonlc  analyala.  It  la  to  be  hoped,  for 
example,  that  a aurvey  of  the  haraonlc  analyaaa  of  aany  ataoapharlc  nolaa  trains  would  petal t ona 
to  draw  conclusions  concerning  tha  relative  statistical  frequencies  with  which  certain  parts  of  tha 
radio  apactrua  appear  aaong  tha  coaponents.  Tha  mechanical  procedures  for  such  haraonlc  analyses 
are  simple  though  tedious;  several  lightning  wav*  forms  of  tha  type  shown  in  Figure  5 ware 
analysed.  Figure  7b  comp area  tha  original  wave  segment  of  7a  with  a recoabtnatlon  of  tha  harmonic 
component*  Illustrating  accuracy  for  tha  Interval  resolved.  Since  tha  transient  la  non repetitive, 
there  la  no  longer  a fit  outside  the  Interval  chosen,  therefore  such  decomposition  can  be 
considered  only  an  approximation 


6.0  RESOLUTION  OF  ATMOSPHERICS  USING  PANORAMIC  ANALYZER  EQUIPMENT 

The  L & T laboratory  had  earlier  developed  a panoramic  interference  analyser  covering  the 
frequency  rang*  of  100  kHs  to  1000  mils.  For  purposes  of  this  Investigation  a simplified  system 
was  built  up  using  five  calibrated  recelvera  tuned  respectively  to  IS  klls,  190  Khs,  1 mHs,  9 mHz  and 
150  mHz,  whose  audio  envelope*  were  applied  to  a five  beau  cathode~ray  tube  Indicator  unit  built 
up  with  simple  positioning  controls.  Figure  8 Illustrates  the  equipment  used  in  the  ataoapharlca 
studies  and  Figure  9 presents  a corresponding  schematic  diagram. 

The  panoramic  section  with  the  five  receivers  and  a five  beam  cathode-ray  tub*  la  shown  to 
the  right  in  Figures  8 and  9.  The  canter  section  has  a dual  beam  cathode-ray  unit  which  records 
the  stroke  direction  and  the  antenna  voltages  directly  with  a resolution  equivalent  to  the 
receiver  responses.  The  center  section  also  contains  standard  praciaion  crystal  controllad 
oscillator  providing  a tins  standard  controllad  clock  which  la  raqulrad  for  synchronisation  of 
data  with  othsr  cooperating  obsarvstorla*.  To  tha  left  la  shown  a vide  band  oscillograph  for 
rs cording  fin*  atructura  radiation  with  greater  raaolutlon  corresponding  to  higher  frequency 
atroke  components. 

Sample  records  of  raapectiva  raceiver  responses  to  tha  atmospherics  ara  shown  In  Figure  10a. 

A sample  replot  from  an  enlarged  projection  of  thee*  records  la  presented  in  Figure  \0b.  The 
amplitudes  ah  own  ara  to  a scale  corresponding  to  tha  adjusted  receiver  sensitivity  and  were 
selected  by  adjusting  sensitivities  to  values  sufficient  to  give  mar  curable  deflection  during 
periods  of  atmospheric  activity. 

Additional  replots  of  the  film  data  on  a condensed  seals  as  given  In  Figures  11  and  12 
present  extended  Indications  of  receiver  susceptibility  for  different  frequencies  and  also  an 
Indication  of  relative  location  and  lengths  of  apace*  free  from  nole*.  Figure  lie  ahowa  electric 
field  variations  over  a 15  minute  period  during  a summer  thunderrtorm  Illustrating  tha  frequency 
of  major  charge  redistributions  in  tha  vicinity.  Figures  lib,  11c,  andlld , present  graphs  of 
the  communication  tine  available  for  receiving  Input  signal  levels  of  the  order  of  500  microvolts 
over  typical  local  lightning  period*  of  three  seconds  and  60  seconds  respectively. 

Tha  graphs  Indicate  that  for  moderate  strength  signals,  considerable  amount  of  "clear"  apaca 
exists  which  might  permit  continued  communications  If  the  disturbing  effect  of  tha  more  severe 
interference  peaks  could  be  removed.  Some  possible  circuitry  methods  of  selectively  rejecting 
such  Interference  ere  briefly  discussed  In  the  next  section  on  atmospheric*  Intarferance  with 
comsunlcatlcas  ana  possible  reduction  methods. 

7.0  MEASUREMENTS  OF  TRIGGERS)  NATURAL  LIGHTNING  DISCHARGE  CHANNEL  CURRENTS 


Direct  lightning  channel  currant  measurements  have  been  mad*  at  tha  baaa  of  a triggered  light- 
ning channel.  This  la  defined  aa  on*  triggered  by  a rocket  born  fine  wire  carried  to  heights 
or  300  to  900  feat  at  a time  whan  the  electric  field  indicates  that  a lightning  discharge  Is  prob- 
able. This  la  a technique  which  has  bean  pioneered  by  LTXI  aa  a technique  for  studying  both  tha 
channels  and  the  radiated  signals . These  measurement*  have  shown  the  highly  random  nature  of  the 
current  variation  and  the  periods  of  lower  Intensity,  as  shown  In  Figure  12,  and  aa  observed  In  the 
radiated  field  measurements  shewn  In  Flgurao  10  through  11. 


8.0  GENERATION  OF  ARTIFICIAL  ATMOSPHERICS  FOR  PROPAGATION  STUDIES 


A useful  tool  In  the  study  of  atmospherics  propagation  has  been  developed  In  which  pul***  of 
on*  to  nine  million  volts  ara  fed  Into  the  baa*  of  a five  kilometer  vertical  antenna  which  la  sup- 
ported by  a small  hallcoptar.  Thla  technique  permits  tha  study  of  ground  and  skywavea  separately 
at  distances  of  several  kilometers  away  and  can  be  detected  at  distances  of  thousand*  of  kilometers. 
Tha  signal  is  received  most  conveniently  by  use  cf  a clock  synchronised  oscilloscope  at  the  receiv- 
ing station.  Using  thle  technique  simulated  atmospherics  waveforms  as  determined  la  the  measurements 
program  could  be  applied  to  tha  antenna  for  tha  ge>.%ratlon  of  representative  Interference  and 
simulation  of  even  naarby  affects  on  cornual  cations  systems. 

9.0  ATMOSPHERICS  INTERFERENCE  WITH  COMMUNICATIONS  AMD  REDUCTION  METHODS 

The  preceding  illustrations  of  recorded  atmospherics  wave  shapes  and  their  effect  In  shock 
excitation  of  the  different  frequency  rang*  receivers,  composing  eh*  panoramic  Interference 
analyser,  indicated  time  variation  effects  of  local  thunderstorms  afarlca  which  disturbed  communi- 
cations from  loveet  frequencies  to  over  ISO  da. 


J,  R,  Carson  baa  pointed  out  la  son*  of  his  aarly  work*  that  narrowing  tha  bandwidth  by 
iacraaalng  selectivity  of  tha  receiver  circuits  still  lsavss  aa  Irreducible  mini sue  of  Interference 
which  wight  still  block  communications  if  the  original  Interference  were  great  enough.  Carson's 
theoretical  work  aad  consequent  pessimistic  view  of  ultimate  limited  possibilities  of  Improvement 
of  signal  to  lopulslvs-nolsa  ration  was  baaed  on  the  study  of  linear  circuits;  considerable 
improvements  are  possible  by  tha  Introduction  of  non-linear  elements  to  eliminate  the  high-level 
Interfering  Impulses. 

The  complexity  contributed  by  radiation  from  the  branching  formation  process  of  the  lightning 
discharge.-  as  discussed  earlier.  Introduces  at  variable  times  very  high  pulse  repeat  rates.  The 
high  pulse  rates  Introduce  overlapping  shock  excitation  envelopes  within  the  receiver  thet  would 
completely  awsnp  signals;  and  If  tha  Interference  amplitudes  were  limited  by  conventional  limiters 
or  clippers  inside  the  receiver  the  audio  output  nay  be  quieted  but  will  have  caused  loss  of 
signal  modulation  and  hence  intelligibility. 

Earlier  reported  wsrk**  of  the  L & T laboratory  has  brought  out  both  desirability  and 
feasibility  of  remo*;j.iig  the  interference  before  It  reaches  the  receiver  so  that  a very  much 
smaller  portion  of  the  signal  carrier  is  lost  and  a very  much  greater  nunber  of  disturbances  can 
be  tolerated  chan  with  any  scheme  of  limiting  within  the  receiver.  This  basic  approach  of 
interference  reduction  ahead  of  the  receiver  has  resulted  In  Improvement  ratloa  of  the  order  of 
SO  d>-  applied  under  thunderstorm  precipitation  static  conditions  Inducing  corona  pulses,  of  tha 
type  shown  in  Figure  6,  with  repeat  rates  of  the  order  of  100,000.  Although  atmospheric*  pressnt 
much  more  sever*  problems,  the  records  from  this  investigation  do  Indicate  some  possibilities 
of  reducing  their  Interfering  effects  as  will  be  developed  in  the  following  discussion. 

The  original  form  of  the  Interference  rejection  scheme  which  has  proved  effective  for  corona 
Interference  Induced  In  both  thunderstorm  and  pradpitation-statlc  conditions  la  illustrated  by 
the  block  diagram,  reproduced  from  the  eerller  referenced  paper.  In  Figure  13. 

The  "demon"  block  section  of  Figure  13,  In  a similar  manner  to  Maxwell's  famous  postulated 
"demon"  sorting  particles  by  their  speed,  serves  to  datect  the  arrival  of  Interfering  Impulses 
by  their  characteristic  transient  features  of  high  voltage  rates  of  rise  and  amplitudes,  and 
thereupon  operates  the  "gating"  section. 

In  the  case  of  distinct  corona  Impulses  it  la  possible  to  dose  off  the  "gate"  or  effectively 
"blank"  for  such  short  intervale  that  tha  total  percentage  of  blanking  may  be  leas  than  201  even 
with  100,000  pulse  repeat  rates.  Tha  'flywheel'  action  of  the  following  receiver  narrow-band  tuned 
circuits  fills  in  the  blank  time  gaps,  and  loss  of  signal  time  of  20Z  of  a time  interval  short 
relative  modulation  amplitude  changes  would  Introduce  a 20Z  reduction  In  signal  modulation 
amplitude  for  ~’.is  same  Interval;  and  actually  50Z  blanking  times  were  encountered  and  found  satis- 
factory in  ?< eclpltatlon-atatlc  corona  Interference  reduction.  Theoretically,  on  a sampling  basis, 
higher  blanking  space  ratios  than  50Z  are  usable  so  long  aa  the  average  'gating*  rate  remained 
steady  at  rates  over  10,000  (In  order  to  reproduce  up  to  5000  cycle  signal  components),  and  tha 
related  blank  space  to  signal  space  ratio  remained  fairly  constant,  thus  effectively  providing  a 
signal  sampling  system  which  when  triggered  by  an  approximately  recurrent  Interference  such  aa  with 
soon  corona  discharges  would  correspond  to  sampling  systems  used  In  some  time  sharing  modulation 
ay sterna. 

However  the  atmospherics  records  presented  earlier  show  that  wide  variations  occur  in  pulse 
rates  and  duration  cycles;  hence  a space  factor  first  20X,  then  80Z,  then  perhaps  0 In  adjacent 
intervals  would  obviously  Introduce  corresponding  severe  signal  cross  modulation  from  the  Inter- 
ference, and  therefore  relatively  simple  blanking  would  be  Ineffective  for  the  widely  varying  space 
factor  afarica. 

Since  actually  there  are  frequently  recurring  intervals  relatively  free  of  atmcrpheric 
interference  we  might  arbitrarily  ahead  of  time  consider  reducing  the  average  gated  T Ignal-paaslng 
time  to  e sort  of  lowest  common  denominator  selected  time  interval  segment,  and  thus  remove  the 
cross  modulation  from  gating  time  variations.  Ideally  we  could  go  one  step  further  and  postulate 
a completely  effective  interference  reduction  system  for  atmospherics  having  soaw  relatively 
interference  fra*  space  available  for  sampling  at  ratas  of  at  least  twice  tha  maximum  desired 
signal  Intalligence  frequency.  If  we  assumed  5 kc  as  maximum  desired  signal  modulation  frequency 
to  be  passed,  we  wuld  need  to  divide  the  sampling  time  Into  Intervals  repeated  at  <*t  least  10  kc, 
or  less  than  100  microsecond  lengths.  Actually  because  of  possible  mlasas  cr  bunching  effects  we 
might  choose  shorter  Intervals,  let  us  consider  a time  graph  of  signal  carrier  and  superposed 
atmospherics  sectioned  Into  20  microsecond  intervals  aa  illustrated  in  Figure  14  and  let 
us  choose  a gate  lntervel  of  10Z  of  the  sampling  space  Interval,  or  2 microsecond  width. 

Ideally  we  would  Ilka  to  explore  the  entire  segmented  Interval  and  choose  the  best  10Z  section; 
practically  vs  could  do  it  In  a fashion  of  checking  each  step  and  move  along  time-wise  In  this  way 
and  open  the  gat*  for  the  first  Interval  in  which  tha  Interference  Is  below  a preset  level.  It 
la  conceivable  sons  Intervals  may  not  have  any  such  favorable  Interval  In  which  css*  it  might  be 
desirable  to  increase  time  of  pass  In  a succeeding  Interval  to  compensate  for  lost  Intervals.  The 
10Z  pass  factor  la  chosen  on  the  assumption  that  on  the  average  that  percentage  space  might  be 
relatively  free  of  Interference,  It  might  be  desirable,  and  preferably  automatically,  to  have 
the  gete  pass  duration  variable  so  that  in  case  of  leas  savers  average  Interference  a larger  pass 
space  factor  could  be  used;  and  when  the  Interference  la  Infrequent  the  periodic  gating  scheme  will 
revert  to  the  simple  triggered  blinking  basis.  Actually  tha  addition  of  tha  above  functions  Is 
relatively  simple  compared  with  the  primary  requisites  for  the  original  blanking  schema  discriminator 
which  detects  and  examines  the  Interference  and  acts  to  operate  the  gate.  Thus,  in  Figure  15  th* 
main  schematic  corresponds  to  one  of  th*  forms  of  th*  original  slmpla  blanking  function  scheme,  on 
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which  a patent  wea  lnud,  and  the  In  carted  (ear  tube  clrcalt  ttmrti  It  to  a selective  gat  Inf 
system  basically  capable  of  handling  wore  complex  atmospherics,  aa  outlined  chore. 

Because  of  the  long  period a between  peaka  la  eteoapherlc  nolae,  a major  ptoblan  la  dareloplng 
the  a bore  approachaa  ha a been  that  of  obtain  lag  delay  line a with  aufflclaet  tine  delay.  The 
development  of  ecouatlc  awrface  were  delay  line*  with  much  longer  delay  tinea  than  earlier 
traaanlaalon  line  typaa  appeara  tc  be  Ideally  aulted  for  thla  application. 


10.0  BPHWAKT  RBVIBW  OF  001  PAST  AM>  WANNED  TOTOM  ATHOSPHEKICg  KKSEAKCHIS. 


Under  early  Nary  Bureau  of  Aeronaut lea  and  Air  Porca  programs,  the  concern  wee  primarily  to 
lnprore  aircraft  cofunlcatlona  la  thuodaratorna  and  thua  our  reaearchea  hare  had  a main  goal 
of  measurement  and  recording  of  Incident  atnoapherlca  to  determine  poaalbllltlae  of  aclectlng 
algnal  lnterrala  la  between  peak  atnoapharlc  activity  with  electronic  circuitry  rejecting  the 
■oat  aerera  lntarferance  ahead  of  the  tecalrer  chock  excitable  tuning  natworka. 


\ 


Proa  an  early  review,  we  had  node  of  tha  literature  on  atnoapherlca.  It  waa  clear  that 
other  atudlaa  fell  Into  two  main  categolea , flrat  relatively  low  band  width  neaaurenanta, 
moetly  below  300  klloherti,  of  Individual  a f eric  were  aha pea  with  components  reflected  fron  tha 
varloua  haarlalde  layara  and,  aecond,  long  tine  Integrated  rarlatlona  of  aferlc  activity  eye- 
tanatlcally  neaaured  at  different  locatlona  In  terna  of  receiver  audio  output.  The  available 
data  and  earlier  prograaa  were  valuable  In  relation  to  determining  power  levela  that  would  be 
needed  In  reapect  to  different  communication  ayetona  In  different  frequency  rangea,  but  from 
our  point  of  view  of  working  to  reduce  Interference  by  circuitry  gating  at  tha  Input  of  the 
receiver  earlier  available  data  wea  eonaldared  insufficient.  Therefore  we  devoted  our 
efforta  to  wide  band  aMaaurananta,  up  to  200  megaherti  of  the  "flne-atructure"  of  radiation 
from  Individual  dlachargea  aa  wall  aa  longer  conaecutlve  record a of  the  character  and  epaclng 
of  pulae  conponanta  of  branching  at reamer a and  repeated  dlachargea  which  had  hitherto  been 
unavailable. 

Ij  addition  to  reeearch  and  related  lnatrunentatlon  development  work  euaatarlaed  In  thla 
report  and  the  developamnt  of  Interference  reduction  we  had  worked  out  a laboratory  atnoapherlca  gen- 
erator prototype  dealgn  along  the  llnee  of  a high  power  pulae  generator  developed  by  ua  under  another 
program  with  different  wave  a ha  pa  component  pulaaa  controlled  and  modulated  by  a high  apaed  magn- 
etic tape  or  oaclllographlc  film  ac arming  ayatem,  in  which  different  typee  of  atmospheric*  recordlnga 
can  be  readily  reproduced. 

A companion  lnatriaaent  to  the  atnoapherlca  generator  had  bean  devised  to  provide  a direct 
Intelligibility  record  using  either  natural  Intarfaranca  or  the  atnoapherlca  generator.  Tha 
In  at rumen t dealgn  provides  a rather  varaatlle  "intelligibility"  meter,  in  terms  of  percent  error 
count  based  on  a gating  comparator  of  original  coded  message  element*  and  their  resultant  after 
being  mixed  with  interference  and  passed  through  the  receiver.  Thla  approach  permit!  evaluation  of 
Improvement  ratloe  with  rejection  circuitry  far  better  that  by  conventional  nolaa  metar  compari- 
sons or  listening  teats. 

Another  technique  considered  and  begun  In  the  atmospherics  program  la  tha  classification  of 
atnoapherlca  components  by  an  adaptation  of  a "counter-type  analyser"  developed  under  another 
program.  Tha  results  have  bean  encouraging  to  data  and  accordingly  we  expect  and  plan  for 
continuation  along  tha  above  lines  of  raaaarch  and  related  Instrumentation  development. 

There  are  several  phases  of  our  originally  planned  program  In  which  our  rate  of  progress  to 
date  has  disappointed  ua  but  which  we  consider  important  and  hope  to  continue.  One  of  our  plans 
had  bean  to  generate  artificial  sfarlca  using  our  nine  million  crest  voltage  Impulse  generator 
with  tha  artificially  propagated  long  spark  dlachargea  simulating  branch  streamers.  Calculations 
have  shown  that  we  could  have  peek  radiated  components  of  the  order  of  megawatts  in  the  100 
klloherts  region  which  with  the  advantages  of  balng  producible  at  specific  times,  we  had  plan- 
ned to  record  in  our  mobile  laboratory  at  different  distances  and  also  at  different  times  to  study 
Ionospheric  effect  variations.  The  other  part  of  our  original  plans  vhfch  also  was  disappointingly 
delayed  wea  our  program  of  simultaneous  coordinated  measurements  by  ua  and  several  other  cooperating 
laboratories.  Our  atmospherics  work  dlacuased  In  this  report  le  just  a portion  of  combined  programs 
on  reducing  thunderstorm  hasarda  to  aircraft,  with  the  effects  on  communlcatlone  originally  considered 
of  secondary  Importance,  consequently  at  later  atages  of  tha  work  amphaals  on  lightning  protactloo 
aspects  diverted  both  time  and  funde  and  slowed  down  Instrumentation  for  tha  trlanulatlon  meaa- 
ursmante.  Continuation  with  such  coordinated  measurements  Is  also  certainly  worthwhile,  and  we 
have  applied  to  this  pha- a some  of  our  own  laboratory's  industry  granted  research  funds. 

It  should  he  noted  that  our  wide  band  approaches  are  difficult  and  expansive  for  general 
observations.  It  is  preferable  (and  In  case  of  our  own  rasaarebaa  on  circuitry  nethoda  of  atmosph- 
erics rejection  we,  of  course  consider  It  essential)  to  record  atnoepharlca  wave  shapes  and  spacing 
characteristics  aa  they  would  appear  at  tha  receiver  input  rather  than  at  the  output  where  the 
wave  shapes  are  essentially  converted  to  ba  character letic  of  tha  receiver  tuned  circuits. 


Ae  a final  comment,  we  might  refer  again  to  tha  practical  value  of  tha  "fine-structure"  and 
essentially  wide  hand  type  of  atmospherics  studies  that  wa  have  been  carrying  on  and  hope  to 
continue.  Using  the  proposed  schema  rd  some  other  modifications,  It  should  ba  possible  to  design 
a plug  In  replacement  unit  for  several  tubes  In  conventional  (100  kllo-herts  - 2 negaherts 
range)  radio  direction  finders  and  greatly  reduce  their  vulnerability  to  both  preclpltation- 
stetlc  and  atmospherics  under  thunderstorm  conditions.  The  reduction  of  aircraft  hasarda  by 
more  dependable  cosammicatlon  in  severs  thunderstorm  conditions  which  Is  materialising  from 
prograaa  in  these  atmospherics  research  programs  certainly  justifies  continued  support  of 


■ Mt  of  thMi  outlined  reaearchaa;  tad  though,  fron  eiat  to  tlat,  aupportlng  budget  variat- 
ion nay  reduce  tha  aero  fuadtaoettl  phttoo  of  longer  range  Importance  at  a aimer  pact,  ve 
hopa  to  continue  tha  varloua  atnoephericn  etudy  ptiaoaa  M Hava  dlacuaaad  la  thla  raport. 
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Fig.2(b)  Photograph  of  discharge  streamer  tapping  charged  areas  on  the  surface 
of  a plexiglas  heini-sphere,  analogous  to  charged  cloud  streamers 
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Fig.4  Top  three  current  oscillograms  obtained  with  model  channel  circuit  of  proceding  Figure  3(b) 
showing  similar  characteristics  as  bottom  oscillogram,  recorded  in  flight  investigations,  of  a 
lightning  discharge  through  an  airplane 
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Fig .5  Typical  oscillograms  of  induced  potential  wave  forms,  in  an  aperiodically  terminated  single 
turn  4 meter  loop,  about  3-5  miles  from  lightning  area 
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Fig.6  Laboratory  oscillograms  of  interference  transients  to  be  expected  on  an  antenna,  other  than  lightning 
atmospherics,  under  thunderstorm  conditions  A and  B , corona  on  bare  wire  antenna;  C and  D , 
from  adjacent  insulating  surface  streamering;  E and  F , from  charged  rain  drops  hitting  the  antenna 


Fig.  10(a)  Five  beam  oscillograms  showing  simultaneous  atmospheric  induced  shock  excitations  of  five  radio 
receivers,  each  tuned  to  a separate  frequency.  From  left  to  right,  beam  1 15  kc,  beam  2 — 190  kc, 

beam  3 — 1 me,  beam  4-9  me,  beam  5-150  me.  Sweep  duration  is  1 .8  millisecond 
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Pig.  1 1 (a)  Gradient  record  showing  distribution  of  bunts  of  lightning  activity  over  1 000-second  interval 
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Fig.l  1(b)  Frequency  distribution  of  receiver  disturbances  over  0.6-second  period  of  lightning  activity 
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Fig.  12(a)  Slow  oscillograms  showing  overall  time  current  hii 
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Fig. IS  Selective  sampling  in  between  interference,  by  means  of  the  new  circuitry  involving  tubes 
V,  superposed  in  the  lower  right  of  the  above  photostated  original  patent  schematic  drawing 
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DISCUSSION 

D.  J.  HARRIS:  The  Figure  10b  suggests  that  the  VHF  noise  signal  can  be  very  large.  This  Is 
surprising.  The  NBS  atmospheric  noise  measurements  suggest  that  the  noise  level  Is  very  low  at 
20MHz,  but  the  authors  show  that  the  level  Is  high  at  150MHz.  Could  this  be  discussed?,  and  could 
the  authors  Indicate  the  source  of  the  noise.  How  Is  It  generated? 

J.  D.  ROBB:  The  NBS  data  Is  based  on  average  power  which  Is  very  low  for  the  VHF  components  even 
though  the  peaks  may  be  quite  high.  Two  reasons  are  suggested. 

1.  The  VHF  components  are  observed  only  at  line  of  sight  distances,  characteristic  of 
propagation  at  these  frequencies  and  thus  fall  well  below  the  lower  frequencies  which  propagate 
for  much  greater  distances. 

2.  As  may  be  noticed  In  Figure  11b,  the  VHF  components  are  quite  sparse  which  again  results  In 
a low  average  power. 

This  Illustrates  one  of  the  basic  points  which  we  have  attempted  to  make;  the  Importance  of 
examining  communications  systems  In  the  time  domain  of  peak  ampl itudes  and  frequencies  of  occurrence 
as  well  as  In  the  frequency  domain  of  average  power  density. 

We  believe  that  the  VHF  components  are  generated  primarily  In  the  formative  stages  of  the  discharge 
with  a relatively  short  duration  of  milliseconds  as  compared  with  the  average  duration  of  the  total 
lightning  flash  of  about  one  half  second. 

G.  H.  HAGN:  Comment  on  a question  to  J.  D.  Robb.  The  rms  voltage  at  VHF  may  be  extremely  small 
(e.g.,  the  CCIR  Report  322  Indicates  that  Fa  for  atmospheric  noise  from  lightning  Is  negligible 
at  VHF  and  above)  even  though  the  maximum  value  of  the  Instantaneous  voltage  can  be  quite  large 
for  brief  Intervals.  Some  designers  of  digital  data  systems  which  are  Intended  to  operate  within 
line  of  sight  of  storms  producing  lightning  have  been  led  astray  bv  their  Interpretation  of  the  CCIR 
Report  322  curves.  The  parameter  Fa  (which  Is  based  on  rms  voltage)  Is  not  useful  for  frequencies 
where  the  contribution  to  the  system  noise  factor  Is  not  dominated  by  the  external  noise  power  from 
the  antenna.  At  VHF  and  above.  It  Is  useful  to  know  the  statistics  of  the  Impulse  spectral  Intensity 
(l.e.,  strength  of  the  equivalent  delta  function  corresponding  to  each  Impulse  from  lightning  In 
volt-seconds  at  the  receiver  1nput)and  the  time  of  arrival  statistics  of  these  Impulses.  These  data 
would  be  a useful  supplement  to  the  Information  given  In  CCIR  Report  322. 

J.  D.  ROBB:  I agree. 

F.  D.  GREEN:  One  Item  I would  hope  to  be  covered  In  conjunction  with  studies  of  lightning  flashes  is 
the  development  of  devices  to  protect  solid  state  devices  from  these  natural  EM  pulses.  Our  Department 
of  Transport  has  quite  a problem  In  protecting  solid  state  beacons  and  communication  receivers  from 
lightning  discharges  which  arrive  on  the  antenna  systems. 

I would  also  like  to  say  that  there  has  been  some  success  at  CRC  In  measuring  auto  Ignition  at 
frequencies  about  7GHz.  It  seems  that  It  will  certainly  be  necessary  to  protect  or  shield  space  link 
receiver  antennas  from  auto  Ignition  and  similar  short  pulses,  especially  If  they  must  be  located 
near  an  autoroute. 

J.  D.  ROBB:  No  answer. 

CPT  P.  HALLEY:  CCIR  has  published  a report  on  atmospheric  noise  which  makes  It  possible  to  predict 
noise  in  a given  location  on  the  earth,  at  a given  hour  of  a given  season  as  a function  of  the  frequency 
for  a unit  (?)  passband. 

Is  there  a world  network  of  atmospheric  noise  measurement  stations?  Are  the  measurements  collected 
In  International  data  centres?  Is  It  contemplated  to  have  the  CCIR  document  revised  and  brouqht  up-to- 
date  In  view  of  these  new  data  as  well  as  of  older  data? 


J.  D.  ROBB:  No  answer. 
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Electromagnetic  energy  from  man-made  devices  contributes  to  the  composite  electromagnetic  noise  en- 
vironment in  which  telecommunications-electronlcs  systems  must  operate.  For  a given  system,  all  energy  ex- 
cept that  of  the  signal  desired  for  the  aystem  can  be  considered  noise,  and  the  portion  of  noise  attribut- 
able to  man-made  devices  is  termed  man-made  nolae.  This  paper  considers  the  noise  from  electrical  and 
electromechanical  devices  that  are  not  designed  as  Intentional  radiators  but  that  produce  electromagnetic 
energy  as  a by-product.  A complete  discussion  of  undeslred  signals,  as  well  as  the  other  undesired  energy 
produced  by  transmitters  or  receivers  (e.g.,  harmonics,  transmitter  noise,  and  local  oscillator  radiation) 
is  beyond  the  scope  of  this  paper.  The  emphasis  here  is  on  description  of  the  noise  from  electrical  power 
transmlselon  and  distribution  lines  and  from  vehicle  ignition  systems;  these  two  sources  are  known  to  be 
important  below  and  above  20  MHs,  respectively.  Other  sources  are  mentioned,  and  prediction  of  the  com- 
poalte  environment  due  to  unintentional  radiators  is  considered.  Finally,  voids  in  our  knowledge  of  man- 
made radio  noise  are  noted. 

1.  SCOPE 

The  composite  electromagnetic  noise  environment  is  generated  by  many  natural  and  man-made  sources 
(Figure  1).  This  paper  concentrates  on  the  unintentional  man-made  radiators,  describes  selected  major 
sources  (e.g.,  power  lines  and  vehicles)  in  technical  terms,  and  assesses  their  relative  contribution  to 
the  compos  It.'  electromagnetic  noise  environment  exclusive  of  the  signal  environment.  Figure  2 gives  an 
exanple  of  a brief  observation  of  the  composite  electromagnetic  environment  in  the  VHF  land  mobile  band  in 
the  United  States:  amplitude  versus  frequency  and  time,  as  observed  by  a scanning  receiver  and  processed 

by  a computer.  The  portion  of  the  composite  electromagnetic  noise  environment  produced  by  unintentional 
radiators  is  described  in  terms  that  permit  Its  prediction.  However,  the  actual  assessment  of  the  effects 
of  man-made  noise  on  the  operational  performance  of  systems  and  the  subject  of  noise  suppression  and  control, 
while  extremely  Important,  are  beyond  the  scope  of  this  paper. 

2.  INTRODUCTION 

Numerous  unintentional  radiators  have  been  Identified  over  the  years.  PETERSON  (1974)  mentioned  that 
noise  voltages  induced  in  the  receiving  antennas  of  commmicatlons  systems  in  use  around  1900  were  said  to 
have  "fritted"  the  "coherers"  of  these  systems,  and  DINGER  (1962)  noted  that  perhaps  the  first  known  case 
of  man-made  Interference  to  radio  signals  occurred  in  1902,  when  Dr.  A.  H.  Taylor  heard  ignition  noise  from 
a two-r.ylinder  automobile.  HERMAN  (1970)  summarized  some  of  the  work  on  man-made  noise  prior  to  1970,  and 
HAGN  (1973)  updated  this  summary. 

Primary  types  of  unintentional  radiators  are  listed  in  Table  1. 

TABLE  1 CATEGORIES  OF  UNINTENTIONAL  RADIATORS 


Overhead  power  transmission  and  distribution  lines. 
Ignition  systems  (e.g.,  automotive,  aircraft,  small 
engines,  etc.). 

Industrial  fabrication  and  processing  equipment 
(Including  arc  weluers) . 

Electric  motors  and  generators. 

Electric  busses  and  trains  (excluding  their  power  lines) . 
Contact  devices  (e.g.,  thermostats,  bells,  and  buzzers). 
Electrical  control,  switchings,  and  converting  equipment 
(e.g.,  SCRs,  and  ac/dc  converters). 

Medical  and  scientific  apparatus. 

Lamps  (e.g.,  gaseous  discharge  devices  and  neon  signs). 
Various  electrical  consumer  products. 


.'he  relative  Importance  of  these  sources  as  potential  causes  of  Interference  depends  on  their  number 
and  distribution  (e.g.,  their  proximity  to  the  susceptible  equipment),  their  output  characteristics  in 
frequency  and  in  time,  and  the  type  of  victim  service  being  considered.  For  example,  noise  from  automobile 
ignition  aystems  (Figure  2)  is  an  important  source  of  interference  to  mobile  receivers  In  the  VHF  land  mo- 
bile radio  service  (DEITZ,  J.,  et  el.,  1973),  while  it  is  relatively  insignificant  for  the  LF  navigation 


service,  where  atmospheric  noli*  la  often  dominant  (SHOWERS,  R.  M.,  1974),  However,  in  the  vicinity  of 
citlea,  man-made  noiae  aometlmea  limits  the  use  of  LF  and  VLF  navigation  systems  by  aircraft.  Many  LF/VLF 
alrcaft  navigation  system  applications  are  not  feasible  because  of  man-made  noise  limitations  in  and 
around  urban  areas  (VINCENT,  W.  R.,  1974).  System  checks  and  Omega  coordinate  setting  before  take-off 
may  be  hampered  or  rendered  impossible  by  the  man-made  noise.  One  way  (by  no  means  flawless)  to  assess  the 
Importance  of  noise  sources  relative  to  various  types  of  services  is  to  record  complaints  of  interference 
when  Investigations  have  shown  the  complaints  to  be  valid  and  when  positive  Identification  of  the  sources  has 
been  made.  This  Is  done  on  a nationwide  scale  by  some  countries  in  Europe  (McLACHLAN,  A.  S,,  1973)  and  else- 
where (ROBERTSON,  K.,  1971).  Many  of  these  complaints  are  summarized  In  a standard  format  for  the  Interna- 
tional Special  Committee  on  Radio  Interference  (CISPR).  Another  way  to  assess  the  relative  Importance  of 
sources  Is  to  observe  the  correlation  of  some  measure  of  a suspected  source  with  the  composite  background 
noise  level  (SPAULDING,  A.  D.,  and  DISNEY,  R.  T.,  1974). 

Let  us  consider  the  correlation  of  the  composite  man-mode  noise  level  with  population  density  before 
addressing  Its  measured  correlation  with  specific  electromagnetic  sources.  Because  of  the  attenuation  of 
noise  field  strength  with  distance  from  the  source,  it  seems  reasonable  that  man-made  noise  levels  should 
correlate,  at  least  broadly,  with  population  in  urban  areas.  ALLEtl  (1960)  presented  data  relating  quasi- 
peak field  strength  values  measured  at  street  level  to  urban  population.  He  computed  the  probability  of 
various  levels  being  exceeded  at  1 MHz  as  a percentage  of  locations  in  an  urban  area.  This  was  done  over 
a population  range  from  10^  to  10®  persons.  Although  Allen  reported  a gross  correlation  between  population 
and  noise  levels,  attempts  to  correlate  average  noise  power  levels  with  population  density,  as  measured  on 
a finer  scale,  in  U.S.  Census  Bureau  standard  location  areas  (SLAs)--of  1 to  5 square  miles--have  not  been 
successful  (SPAULDING,  A.  D.,  et  al.,  1971).  SPAULDING  (1972)  investigated  the  relationship  between  popu- 
lation density  and  average  noise  power  spectral  density,  Fft,  In  decibels  above  kT0,  In  signal-free  channels 
in  tne  band  250  kHz  to  48  MHz.  In  the  population  density  range  of  1,000  to  25,000  per  square  mile.  In  San 
Antonio,  Texas,  he  found  no  significant  correlation  between  the  average  population  density  of  an  SLA  and 
the  average  values  of  noise  level  taken  at  several  locations  within  the  SLA.  Correlation  on  a fine,  scale 
(down  to  an  individual  city  block)  has  not  been  attempted. 

SPAULDING  et  al.  (1971),  DISNEY  (1972),  SPAULDING  (1972),  and  SPAULDING  and  DISNEY  (1974)  did  find 
significant  correlation  between  vehicular  traffic  density  and  average  noise  power  spectral  density  (Figure  3), 
especially  for  frequencies  above  20  MHz  (Figure  4).  Data  taken  later  than  those  in  Figure  4 indicate  that 
the  correlation  remains  high  between  50  and  250  MHz.  Therefore,  it  seems  reasonable  to  conclude  that  ve- 
hicle ignition  systems  will  be  potentially  Important  sources  of  interference  to  radio  systems  operating 
above  20  MHz,  especially  near  roads.  In  rural  areas  remote  from  power  lines  and  other  sources,  automobiles 
may  be  the  dominant  noise  sources  below  20  MHz. 

Overhead  power  lines  are  known  to  be  an  Important  source  of  man-made  noise  below  15  to  20  MHz. 

SPAULDING  and  DISNEY  (1974)  reported  relatively  good  correlation  between  elect. leal  power  consumption  in 
an  area  and  the  root  mean  square  (rms)  value  of  the  noise  envelope  voltage  b^low  20  MHz.  They  noted,  how- 
ever, that  information  on  local  power  consumption  in  the  United  States  is  difficult  to  obtain.  Overhead 
lines  can  be  important  above  15  MHz  (WARBURTON,  F.  W.,  et  al.,  1969),  and  the  interference  to  television 
from  power  lines  has  recently  been  discussed  (e.g.,  L0FTNESS,  M.  0.,  1970;  JUETTE,  G.  W.,  1972;  CORTINA,  R., 
et  al.,  1973).  He  have  observed  that  nearby  power  lines  sometimes  establish  the  baseline  noise  level  at 
MF  and  HF.  This  has  been  documented  by  power-on/power-off  teat3  with  omnidirectional  antennas  and  by  use 
of  directional  antennas  in  areas  where  the  location  of  power  lines  is  known. 

3.  POWER  LINES 

3. 1 General  Couments 

Power  lines  operating  on  ac  can  be  categorized  by  their  function  (power  transmission  or  distribution), 
which  determines  their  operating  voltage  and,  thereby  the  mechanisms  by  which  they  produce  radio  noise  under 
normal  operating  conditions.  In  general,  the  lower-voltage  distribution  and  transmission  lines  (below  about 
70  kV)  produce  noise  from  various  types  of  discharges  in  gaps,  while  the  higher-voltage  transmission  lines 
(110  k.V  and  higher)  generate  noise  by  various  kinds  of  corona  (PAKALA,  W.  E.  et  al.,  1968).  The  high  rate  of 
current  rise  transforms  to  a broader  spectrum  for  gap  noise  than  for  corona  noise,  as  observed  with  a peak  de- 
tector (PAKALA,  W.  E.,  and  CHARTIER,  V.  L.,  1971).  The  low-voltage  lines  may  also  radiate  noise  resulting 
from  switching  transients  and  other  effects  from  devices  connected  to  the  lines  as  sources  of  power. 

High-voltage  dc  transmission  lines  are  coming  into  use  (KAUFERLE,  1972),  but  there  is  not  yet  much  In- 
formation about  the  noise  from  such  lines.  ANNESTRAND  (1972)  points  out  that  noise  is  generated  at  the 
converter  stations,  which  then  propagates  on  the  lines.  Shielding  and  filtering  at  the  converter  stations 
can  reduce  the  noise  significantly. 

Most  of  the  measurements  of  power-line  noise  reported  in  the  literature  have  been  made  by  using  quasi- 
peak  detectors,  although  some  data  on  power-line  noise  measured  with  peak  and  average  detectors  are  avail- 
able (THOMPSON,  H.  I.,  Ill,  1971).  Measurements  made  with  an  rms  detector  are  not  generally  available  in 
the  literature  (DISNEY,  R.  T.,  et  al.,  1974),  but  some  data  of  this  type  are  given  in  this  paper  and  were 
given  by  DISNEY  and  LONGLEY  (1973)  and  SPAULDING  and  DISNEY  (1974).  From  the  standpoint  of  potential  for 
causing  interference,  the  frequency  ranges  of  Interest  Include  the  audio  spectrum  (60  Hz  to  5 kHz)  for 


telephone  uee,  the  line  carrier  spectrum  (5-150  kHz),  and  the  radio-frequency  spectrum  above  150  kHz.  Thle 
paper  le  primarily  concerned  with  the  radio  epectrum. 

3.2  Gap  Noise 

Gap  noise  Is  that  noise  resulting  from  a complete  discharge  between  two  metal  objects  (sparks)  or  be- 
tween a metal  object  and  an  electrically  charged  surface  (microsparks)  (HARBURTON,  F.  W.,  et  al. , 1969). 

The  sources  of  gap  noise  include  air  gaps  in  Insulators,  at  tie  wires,  and  between  hardware  parts;  excessive 
electrical  stress  across  wood,  at  corroded  joints,  between  neutral  wires  and  ground  wlrea  and,  in  electrical 
apparatus  that  is  defective,  damaged,  improperly  designed,  or  badly  Installed.  Gap  noise  is  the  predominant 
source  of  power-line  noise  for  frequencies  above  15  MR*. 

3.3  Corona  Noise 

The  primary  noise  source  on  power  lines  above  about  110  kV  is  corona.  Although  gap  noise  can  and  does 
occur  on  high-voltage  transmission  lines  (greater  than  110  kV),  the  gaps  can  usually  be  found  and  eliminated. 
Several  types  of  corona  discharge  contribute  to  the  radio  noise  from  high-voltage  transmission  lines  (posi- 
tive streamers,  negative  glow,  negative  streamers,  and  so  on).  The  noise  from  corona  begins  to  decrease 
above  about  1 MHz.  The  spectrum  from  negative  corona  (glow  as  well  as  negative  streamers)  decreases  at 
the  sate  of  20  to  25  dB  per  frequency  decade,  while  that  from  positive  streamers  falls  off  at  35  to  60  dB 
per  decade,  according  to  JUETTE  (1972)  (Figure  5). 

3.4  Fair-Heather  Average  Noise  Power 

Fair-weather  noise  levels  measured  by  using  peak  and  quasi-peak  detectors  have  been  reported  in  the 
literature.  Figure  6 presents  median  values  of  average  noise  power  spectral  density  data  obtained  by 
several  investigators  at  MF,  HF,  and  VHP  with  rma  detectors.  Vertical  monopole  antennas  were  used;  the 
antennas  were  positioned  directly  under  the  line,  with  the  exception  of  the  15-kV/16.67-Hz  line.  One  of 
the  most  interesting  observations  is  that  the  115-kV  lines  were  noisier  than  the  lines  with  higher  or 
lower  operating  voltage.  At  any  given  frequency,  the  difference  between  measured  medians  for  the  noisiest 
and  the  quietest  line  was  about  30  dB. 

3.5  The  Spatial  Variables 

Three  spatial  variations  are  of  interest:  the  variation  of  noise  level  with  height  directly  trader  the 

line,  that  of  the  noise  level  along  the  line,  and  that  with  distance  laterally  away  from  the  line.  Examples 
of  these  variations  are  discussed  below. 

The  variation  with  antenna  height  beneath  a 15-kV  power  line  operating  at  16-2/3  Hz  in  Germany  was 
measured  at  2.5  MHz  with  a 1-m  vertical  rod  antenna  and  a receiver  with  an  nos  detector.  The  conductor  was 
approximately  8 m above  ground.  The  average  noise  power  was  observed  to  Increase  as  the  Stoddart  NM-25T, 
modified  to  measure  Fa  (see  MATHESON,  R.  I.  and  BEASLEY,  K.  R.,  1972),  was  raised  from  the  ground:  +7  dB 

at  1.2  m,  +12  dB  at  1.8  m,  and  +15  dB  at  1.9  m. 

Longitudinal  variations  as  great  as  15  dB  were  observed  from  place  to  place  under  the  same  line  over 
a distance  of  about  1 km,  but  the  typical  variation  between  towers  was  2 to  5 dB,  with  an  Increase  often 
noted  at  the  tower.  The  relative  profile  laterally  from  this  line,  measured  at  midspan  at  2.5  MHz  with  a 
short  vertical  monopole  antenna,  was:  0 dB  under  the  line,  -10  dB  at  21  m,  -15.5  dB  at  43  m,  -19.5  dB  at 

61  m,  and  -19.0  dB  at  76  m. 

In  the  presence  of  rein,  an  Fa  value  of  104  dB  above  kTQ  was  observed  directly  beneath  the  line. 

More  typically,  values  of  80  <1S  above  lcTo  were  observed  there. 

3.6  Seasonal  Variation  of  Fair-Heather  Radio  Interference  (RI)  Levels 

The  seasonal  variation  of  fair-weather  radio  noise  was  investigated  by  LaFOREST  (1968)  by  studying 
one  year  of  data  on  a 500-kV  line  in  the  northeastern  United  States.  He  noted  the  effects  of  relative  air 
density,  relative  humidity,  and  wind  speed,  as  well  as  seasonal  variations,  and  he  deduced  correction  terms 
for  fair-weather  RI  levels  (field  strengths  measured  with  a quasi-peak  detector).  He  noted  that  summer 
readings  were  higher  than  winter  readings  by  about  12  dB.  Various  others  have  recorded  the  increasa  in  RI 
during  rain  or  other  bad  weather. 

3.7  Variations  Due  to  Foul  Heather 

FAKALA  and  CHARTIER  (1971)  stated  that  noise  Increases  of  17  dB  were  likely  during  rain.  The  IEEE 
(1965)  indicated  Increases  of  15  to  25  dB  during  foul  westhar  and  also  (1971)  Indicated  increases  of  20  dB 
during  bad  weather.  Data  on  RI  levels  taken  on  a Bonneville  Power  Administration  345-kV  line  between  May 
1965  and  Kay  1966  (Figure  7)  show  an  average  RI  level  during  rain  of  approximately  20  dB  above  that  shown 
during  clear  weather,  while  during  snow  the  average  level  was  nearly  26  dB  higher  than  the  clear-weather 
level  (BAILEY,  B.  M. , and  BELSHER,  M.  H.,  1968).  FORREST  (1969)  pointed  out  that  "defact"  noise  on  lower- 
voltage  (11-  to  66-kV)  lines,  caused  by  sparks  and  aicrosparks,  tended  to  determine  the  fair-wsathar  RI 


lav* It  abov*  10  MU.  H«  not*d  that  wat  weather  could  cauaa  KI  lncreaaaa  of  5 to  15  dB  In  tha  band  100  kHz 
to  10  KHz,  dua  to  corona,  while  earning  RI  laval*  abov*  10  MHt  to  decrease,  dua  to  th*  shorting  out  of ' 
arcing  gaps. 

3. B  Effects  of  Insect  and  Other  Particles 

Tha  effects  of  the  presence  of  particles  bn  or  near  EHV  conductors  were  studied  by  NEWELL  et  al.  (1968). 
Observations  of  the  variation  in  RI  levels  over  a one-year  period  on  a 230-kV  tower  line  showed  that  water 
particles  caused  the  highest  RI  levels.  However,  insect  and  vegetable  particles  caused  high  RI  levels  ap- 
proximately 80  percent  of  the  time. 

3.9  Polarisation  Effects 

PAKALA  and  CHARTIER  (1971)  observed  that,  in  60  percent  of  their  measurements,  those  made  with  hori- 
tontally  polarised  dipoles  produced  greater  noise  than  those  made  with  vertically  polarised  dipoles.  The 
difference*  ranged  from  0 to  10  dB  over  the  frequency  band  15  kHz  to  10  GHz. 

3.10  Concluding  Comments 

Our  knowledge  of  the  noise  from  power  lines  is  far  from  conplete.  Little  of  the  noise  mersurements 
to  date  have  be  /1th  rma  meters,  and  even  fewer  data  on  the  amplitude  probability  distribution  of 

the  noise  exist,  . main  cnaracteristics  of  noise  from  both  low-voltage  distribution  and  high-voltage 
transmission  li;.,  nave  been  discussed.  It  is  not  possible  to  construct  totally  noise-free  lines.  How- 
ever, iood  engineering  practices  in  line  design  and  good  maintenance  practice  for  operational  lines  can 
greatly  . *•  e the  contributions  of  the  noise  from  power  lines  to  the  composite  man-made  radio  noise  en- 
vironment. 

4.  IGNITION  SYSTEMS 

4.1  Introductory  Comment 

Ignition  noise  is  generally  found  wherever  automobiles  or  other  vehicles  using  spark-initiated  power 
systems  (e.g.,  trucks,  boats,  aircraft,  and  snowmobiles)  are  used.  This  noise  is  highly  impulsive  and 
spreads  over  much  of  the  frequency  spectrum.  At  the  low  end  of  the  spectrum  (below  about  20  MHz),  ignition 
noise  la  generally  believed  to  be  exceeded  by  power-line  noise  when  both  sources  are  present,  as  discussed 
in  Section  2 (see  also  JTAC,  1968).  The  actual  lower  limit  will,  of  course,  be  determined  by  specific  situ- 
ations, including  the  density  of  automobile  traffic  and  the  proximity  of  power  lines.  The  high-frequency 
limit  to  the  automobile  Ignition  noise  spectrum  has  not  been  as  well  studied.  Generally,  instrumentation 
capability  or  investigator  interest  tapers  off  before  the  establishment  of  a clear  upper  limit.  SRI  made 
a brief  investigation  this  year  in  a suburban  area  in  California,  using  a spectrum  analyzer  with  a noise 
figure  of  about  30  dB.  This  investigation  indicated  that  Ignition  noise  is  still  an  Important  noise  com- 

ponent in  the  range  from  1 to  3 GHz.  Although  much  of  the  time  only  receiver  noise  was  found,  Increased 
traffic  intensity  associated  with  the  rush  hour  commonly  produced  noise  spikes  30  to  40  dB  above  the  re- 
ceiver noise  in  a 100-kHz  bandwidth  at  1.2  and  2.9  GHz. 

4.2  Details  of  the  Source 

Ignition  noise  has  three  principal  sources.  In  their  order  of  occurrence  during  the  ignition  cycle 
they  are:  (1)  the  impulsive  release  of  stored  charge  in  the  ignition  system  secondary  wiring  when  the  air 

gap  within  the  distributor  breaks  down,  (2)  the  similar  impulsive  current  flow  in  the  spark-plug  wire  about 
10  to  20  later  when  the  spark-plug  gap  breaks  down,  and  (3)  the  abrupt  commencement  of  current  flow  in 
the  breaker-point-to-coil  wire  when  the  breaker  points  are  closed  to  restart  the  cycle  anew.  This  last 
source  should  not  be  a problem  in  the  newer  automobiles  with  electronic  ignition  systems.  In  measurements 
of  the  radiation  from  a particular  vehicle,  it  is  not  generally  recognized  that  the  first  two  sources  given 
above  ere  separate  entities,  because  of  their  close  spacing  in  time.  However,  special  measurements  (such 
as  those  using  wideband  current  probes)  can  be  made  that  clearly  show  the  two  sources.  Noise  from  the  third 
source  occurs  about  1 or  2 ms  after  the  first  two  and  is  easily  distinguishable.  Let  us  next  consider  the 
radiating  system  in  which  these  impulsive  currents  flow. 

Modern  resistive  ignition  secondary  wiving  forms  a very  lossy  antenna,  with  attenuation  of  about 
0.4  dB/cm  at  10  MHz,  1,4  dB/cm  at  100  MHz,  and  3,1  dB/cm  at  500  MHz.  The  high  loss  means  that  the  two  ends 
of  the  "wire"  from  the  distributor  to  the  spark  piug  are  Isolated  from  each  other  at  RF  and  that  probably 
for  only  the  first  few  inches  at  each  end  is  the  wire  an  effective  radiator.  Impulses  at  either  end  of 
the  wire  couple  energy  to  the  adjacent  wiring  and  metal  parts,  so  the  ignition  wire  becomes  the  driven 
element  in  a highly  irregular  antenna  system.  Therefore,  within  an  N-cylinder  automobile  having  the 
standard  inductive-discharge  ignition  system  with  breaker  points,  each  of  the  N spark-plug  wires  is  pulsed 
at  each  end,  and  the  elngle  breaker  point  wire  is  pulsed  for  each  plug,  so  that  there  are  2N  + 1 individual 
little  radiating  antenna  systems  under  the  hood  (bonnet).  If  the  automobile  engine  is  operating  at  R rpm, 


For  explanations  of  noise  figure  and  other  concepts, 


see  M0MF0RD  and  SCHEIBE  (1968),  and  ARTHUR  (1974). 


there  ere  N • R/120  (perk-plug  firing*  per  second,  each  with  three  lapuleea  (caused  by  the  two  gap  break- 
downs and  the  breaker  point  closure)  Into  the  radiating  systems.  The  first  two  impulses  often  cannot  be  sO_ 
resolved  with  narrow-band  detectors.  NIELSON  (1974)  noted  that  a receiver  with  16-MHz  bandwidth  still 
seems  to  be  band-limited  when  looking  at  Igr.ltion  noise  at  1.37  GHs.  The  rise  time  of  the  Ignition  noise 
pulse  Is  of  the  order  of  1 ns,  and  it  depends  on  the  suppression  techniques  used  (BURGETT,  R.  R.,  et  al., 
1974),  so  one  might  expect  significant  radiation  to  at  least  1 GHs. 

The  frequency  characteristic  of  the  automobile  as  a radiating  system  driven  by  all  these  sources  is 
highly  irregular.  Measurements  made  at  10  m using  a frequency-scanning  peak  detector  are  shown  In  Figure  8. 
Since  the  automobile  system  1*  excited  with  brief  impulses,  the  determining  element  in  the  frequency  re- 
sponse is  the  automobile's  radiating  efficiency.  The  response  shows  broad  peaks  where  some  portion  of  the 
vehicle's  structure  is  radletlng  effectively  and  wide  nulls  where  no  such  resonances  exist.  An  examination 
of  the  automobile's  radiated  field  with  regard  to  frequency  shows  a complex  structure  varying  with  the  angle 
from  which  the  vehicle  Is  viewed.  Additional  variations  in  the  observed  spectrum  can  be  Introduced  by  the 
propagation  or  coupling  mechanisms  and  by  the  receiving  system. 

As  an  additional  complexity,  successive  pulses  from  an  automobile  are  not  of  the  sane  amplitude;  they 
vary  by  20  or  30  dB  (STORWICK,  R.  M.,  et  al.,  1973;  HSU,  H.  P.,  et  al.,  1973,  1974)  and  even  with  successive 
pulses  from  the  same  cylinder  (MAXAM,  G.  L.,  et  al.,  1973a,  b).  The  studies  Just  referenced  were  all  pulse- 
height  measurements,  although  the  term  amplitude  distribution  (easily  confused  with  amplitude  probability 
distribution,  APD)  was  used  to  describe  the  presentation  by  HSU  et  al.  (1973,  1974)  ar.d  STORWICK  et  al. 

(1973).  MAXAM  et  al.  (1973a,  b)  called  the  same  distributions  pulse-height  distributions. 

Part  of  the  pulse-to-pulse  variation  is  probably  attributable  to  the  differences  in  vtjakdown  potential 
that  result  from  Inhomogeneities  In  the  air-fuel  mixture  and  possibly  from  air  turbulence  within  the  dis- 
tributor cap.  Gap  breakdown  characteristics  may  also  be  Influenced  by  microchanges  in  the  electrodes. 

There  are  also  longer-term  (several-second  to  several-minute)  trends  In  the  field.  Automatic  plotting  of 
a peak  detector's  output  (SHEPHERD,  R.  A.,  et  al.,  1974b)  sometimes  shows  sudden  10-  to  20-dB  changes  in  the 
noise  output  and  often  shows  slower  changes  of  the  same  magnitude  over  a minute  or  less.  Although  the  rea- 
son for  this  is  not  clear,  it  Is  certain  that  a quick  look  at  the  noise  from  the  automobile  will  provide 
only  a small  sample  of  a possibly  nonstationary  random  process.  It  is  evident  that  this  contributes  to 
the  problem  of  obtaining  consistent  or  repeatable  measurements  of  ignition  noise  from  vehicles. 

4.3  Measurement  Techniques  and  Descriptive  Parameters 

Various  techniques  and  parameters  have  been  used  to  measure  the  noise  from  automobiles.  For  uniform 
test  procedures,  both  the  IEEE  (1966)  and  the  SAE  (1974)  standards  require  peak  field-strength  measurements. 
However,  neither  standard  furnishes  a working  definition  of,  or  guidance  about,  what  is  meant  exactly  by 
peak  field  strength.  Without  this  guidance,  different  results  can  be  obtained  from  the  same  source  since 
the  automobile  is  a source  ot  highly  random  impulsive  noise  (SHEPHERD,  R.  A.,  et  al.,  1974a).  In  Europe  a 
quasi-peak  detector  is  favored  by  CISPR  (1971)  over  the  peak  detector  used  in  the  United  States  for  the 
same  sort  of  measurements  (see  also  STUMPERS,  F.  L.,  1971;  BAUER,  F.,  1973).  Although  suggestions  can  be 
found  that  at  1500  rpm  the  peak  field  strength  Is  20  dB  greater  than  the  quasi-peak  field  strength  (e.g., 
BAUER,  F.,  1973;  and  SAE,  1974),  this  does  not  appear  to  be  consistently  the  case.  Measurements  made  In 
Anderson,  Indiana,  In  1959  by  BALL  and  NETHERC0T  (1961),  using  several  vehicles  and  several  measurement 
systems,  resulted  in  an  empirically  determined  peak-to-quasl-poak  ratio  of  about  21  dB.  Quasi-peak  de- 
tectors with  charge  Jtime  co- <tants  of  1 ms  and  discharge  time  constants  of  500  and  600  ms  were  used.  These 
measurements  were  made  between  about  30  and  200  MHz,  with  engine  speeds  generally  about  1000  rpm  (for  4- 
cy Under  to  8-cy Under  vehicles).  The  average  of  a number  of  peak-to-quasl-peak  comparisons  was  about 
21  dB,  but  under  various  measurement  situations  the  ratio  ranged  from  about  26  dB  to  about  13  dB.  More 
recently,  comparative  measurements  of  a number  of  Individual  vehicles  with  V-8  engines  were  made  in  San 
Antonio  by  SCHULZ  et  al.  (1973).  The  engines  were  operated  at  1500  rpm;  the  antenna  height  was  3 m and 
the  spacing  was  10  m,  as  required  by  SAE  J551  (SAE,  1974).  The  measurements  were  made  at  seven  fixed 
frequencies  between  36  and  1000  Mils,  using  an  Electrometries  EMC -25  having  both  peak  and  quasi-peak  detector 
! functions.  The  quasi-peak  detector  had  charge  and  discharge  time  constants  of  1 ms  and  600  ms,  respectively. 

1 These  measurements  indicated  an  even  greater  variability  of  the  peak-to-quasl-peak  ratio.  While  the  20-dB 

i empirical  relationship  between  the  readings  of  peak  and  quasl-peak  detectors  may  be  a useful  (and  suffl- 

| clently  accurate)  approximation  for  facilitating  international  trade,  it  should  not  be  taken  as  a deter- 

E minis tic  constant. 

[ 

j Root-maan-square  (rms)  field  strength  measurements  have  been  made  at  fixed  frequencies  by  a number  of 

experimenters,  but  no  frequency-scanning  measurements  with  an  rms  detector  have  been  noted  in  the  litera- 
ture (according  to  DISNEY,  R.  T.,  et  al.,  1974).  SRI  researchers  have  observed  that  the  average  noise 
power  as  measured  from  the  front  of  a single  vehicle  can  exhibit  variability  with  frequency  in  the  range 
of  15  to  30  MHz  (Figure  9)  and  have  also  noted  a significant  Increase  in  noise  level  from  the  same  vehicle 
after  "routine"  maintenance,  during  which  new  plugs,  breaker  points,  condenser,  and  resistive  wiring  har- 
[ installed.  A model  was  developed  by  SPAULDING  et  al.  (1971)  (see  also  SPAULDING,  A.  D.,  1972) 

[ t0  ••timate  the  noise  power  spectral  density,  F (watts/herts),  from  distributions  of  vehicles  as  a function 

of  road  geometry  and  radio  frequency. 


4.4  Recent  Amplitude  Probability  Diatribution  (APD)  Measurements  of  Autonobile  Ignition  Noise 
/ 

The  APD  is  the  cusulative  distribution  of  a receiver's  envelope  amplitude.  Only  a few  measurements  of 
the  APD  of  ignition  noise  from  single  vehicles  are  known  to  have  been  made  (and  none  from  aircraft);  these 
were  made  by  using  two  different  techniques,  over  a wide  frequency  range.  The  measurement  system  used  by 
SCHULZ  and  SOUTHWICK  (1974)  had  an  adjustable  threshold  and  a timer  system,  so  that  the  percentage  of  time 
that  the  threshold  was  exceeded  could  be  measured.  Since  this  system  examined  only  one  threshold  level  at 
a time  (for  1 second),  any  changes  in  the  behavior  of  the  automobile  as  a noise  source  between  the  measure- 
ment at  one  level  and  that  at  the  next  level  could  be  a source  of  difficulty.  These  APDs  were  made  at  a 
number  of  frequencies  between  36  and  1000  MHz  and  at  several  bandwldths  between  3 and  300  kHz.  Figure  10 
shows  APDs  for  a single  vehicle,  synthesized  by  averaging  the  results  for  four  vehicles.  SCHULZ  and 
SOUTHWICK  (1974)  noted  the  repeatability  of  the  data,  especially  when  three  or  more  vehicles  were  observed 
simultaneously  on  several  days  or  when  the  results  of  several  vehicles  were  averaged.  These  APDs  exhibited 
much  the  same  structure  as  the  upper  (impulsive)  portion  of  the  APD  measurements  on  automobilies  made  at  HF 
by  SHEPHERD  et  al.  (1973)  using  a different  technique  (see  also  SHEPHERD,  R.  A.,  1974). 

SHEPHERD  et  al.  (1973)  sanpled  a detector  output  at  200  times  per  second  for  about  10  minutes  and  con- 
verted the  data  to  digital  form  for  computer  processing  to  provide  the  APDs  over  a 54-dB  dynamic  range. 
Simultaneously,  the  rms  level  and  the  parameter  Vd,  the  ratio  in  decibels  of  the  rms  to  the  average  en- 
velope voltage,  were  computed.  Figure  11  shows  a of  these  APDs  for  two  vehicles  with  V-8  engines  (a 
1962  Chevrolet  pickup  truck  and  a 1967  Mercury  Ccu;.vO  ‘>ue  vehicle  with  a 4-cylinder  engine  (a  1962 
Volkswagen).  The  Chevrolet  pickup  used  for  these  APDs  had  been  deliberately  made  noisy  by  replacing  its 
. oalstive  secondary  cabling  with  metal  wiring,  but  tin  other  two  vehicles  had  not  been  modified.  When  the 
engines  were  idling,  the  pickup's  maximum  levels  and  it~-  average  power  were  about  15  dB  above  those  for 
the  other  two  vehicles.  When  the  engines  weve  racing,  the  maximum  values  for  both  the  pickup  and  the 
Mercury  decreased,  while  their  noise  power  Increased,  although  by  only  0.5  dB  for  the  Mercury.  The  Volks- 
wagen's mmHtMim  remained  about  the  same,  but  its  power  Increased  by  about  8 dB,  At  4000  rpm  it  had  the 
same  pulae  rate  as  an  8-cyllnder  car  at  2000  rpm.  These  APDs  demonstrate  that  vehicles  behave  differently 
in  terms  of  their  average  power  and  their  maximum  observed  levels.  (We  refer  to  maximum  levels  on  the  APDs 
Instead  of  to  peak  levels  to  avoid  confusion  with  the  peak  parameter  measured  with  a peak  detector.) 

Although  the  APDs  for  different  vehicles  may  vary  widely  (SHEPHERD,  R.  A.,  1974;  SCHULZ,  R.  B.,  and 
SOUTHWICK,  R.  A.,  1974),  the  APDs  are  not  greatly  different  for  changes  in  traffic  Intensity  on  a rural 
freeway,  because  they  "average  together"  the  wide  variety  of  noise-producing  vehicles  that  pass.  This 
averaging  effect  was  noted  within  an  urban  area  by  SPAULDING  et  al.  (1971)  as  "an  encouraging  find,"  since 
the  APD  is  sometimes  sufficient  for  system  performance  analysis  and  for  system  design.  Figure  12  demon- 
strates the  striking  similarity  in  APDs  made  over  10-minute  periods  on  three  days,  at  the  same  location, 
for  traffic  intensities  with  a three-to-one  range. 

A very  general  model  for  estimating  the  APDs  from  a group  of  cars  was  developed  by  COHEN  (1972),  and 
the  modeled  APDs  were  compered  with  the  measurements  of  SHEPHERD  et  al.  (1973)  by  GILLILLAND  and  BREWER 
(1974).  Most  of  the  predicted  APD  values  differed  from  the  measured  values  by  only  1 or  2 db  across  the 
Intended  range  of  model  applicability  (l.e.,  APD  values  of  2 percent  and  lower,  corresponding  to  frequency- 
shift-key  (FSK)  bit  error  probabilities  in  the  range  10*2  and  lower). 

4.5  Variability  from  One  Automobile  to  Another 

The  rms  measurements  have  been  used  to  note  the  great  variability  in  noise  from  one  automobile  to 
another.  Measurements  made  In  Spain  by  ENGLES  (1974)  and  on  Guam  by  SRI,  using  modified  NM-25T  and  NM-26T 
receivers  with  38-cm  loop  antennas,  show  quite  clearly  the  wide  range  of  noise  production  observed  with 
even  a small  sample  of  vehicles  in  service  (Figure  13).  About  2 percent  of  the  cars  were  found  to  be  30 
to  35  dB  noisier  than  the  median  vehicle.  The  measurements  were  made  while  the  vehicles  moved  slowly  past 
the  antenna,  one  at  a time.  Similar  measurements  made  in  Scotland  by  ENGLES  (1974)  Indicated  (again  from 
only  a small  sample  of  vehicles)  that  an  even  cmaller  percentage  of  vehicles  in  Scotland  are  extremely 
nolay  (the  2-percent  level  was  above  the  median  by  only  about  15  dB,  and  the  median  vehicle  seems  to  have 
been  about  3 dB  quieter  than  the  medians  for  the  measurements  in  Spain  and  Guam).  This  trend  of  propor- 
tionally fewer  noisy  vehicles  appears  in  measurements  made  by  SRI  in  Germany  in  1971  with  the  same  type  of 
receiver  but  with  a 3-m  whip  antenna  and  also  in  measurements  made  in  the  United  States  (SPAULDING,  A.  D., 
1972).  The  U.S.,  Scottish,  and  German  distributions  all  have  the  same  general  slope  (although  we  cannot 
understand  why  the  U.S.  measurements  are  so  far  above  the  others),  indicating  that  there  appear  to  be 
proportionally  fewer  very  noisy  vehicles  in  those  countries  than  in  Spain  or  Guam.  It  is  not  clear  why 
thla  should  be  so,  but  experiments  designed  to  identify  and  classify  the  particularly  noisy  vehicles  would 
help  in  determining  whether  some  vehicle  types  are  Inherently  noisy  or  whether  this  characteristic  is 
acquired  with  age  or  as  a result  of  some  modification  (such  as  replacing  resistive  Ignition  wiring  with 
solid  copper  wiring). 

The  effects  of  the  amall  proportion  of  noisy  vehicles  are  much  greater  than  those  of  the  majority  of 
the  vehicles  on  the  streets.  In  observations  of  the  effects  on  land  mobile  communications,  DEITZ  et  al. 

(1973)  referred  to  the  existence  of  these  "super-noisy"  vehicles  and  showed  chat  a group  of  vehicles  con- 

taining some  that  are  super-noisy  can  degrade  narrow-band  FM  voice  communications  by  about  10  dB  more  than 
a similar  group  of  vehicles  not  containing  the  super-noisy  ones.  In  their  tests,  degradation  was  defined 

at  the  Increase  In  signal  power  required  to  reestablish  the  quality  of  reception  obtained  without  the 

Ignition  noise. 


figure  14  le  an  example  of  auconoblle  Ignition  nolae  aa  it  appeared  near  a freeway.  Thie  measurement 
waa  made  by  recording  the  rms  meter  voltage  of  a modified  NM-25T  receiver  while  the  antenna  waa  about  16  m 
from  the  nearest  lane  of  a freeway  (SHEPHERD,  R.  A.,  et  al«,  1973).  During  the  measurement  period,  traffic 
waa  passing  at  a rate  of  about  24  cars  per  minute.*  The  flat  portions  of  tha  chart  record  represent  the 
periods  when  only  quiet  vehicles  were  passing.  The  noisy  vehicles  were  sometimes  40  dB  above  the  quiet  ^ 

vehicles.  Considering  the  traffic  speeds  involved  (about  100  km/hr)  and  the  fact  that  the  noisy  vehicles 

can  be  observed  for  a period  of  30  seconds  or  so,  it  follows  that  the  noise  from  the  noisy  vehicles  at 
about  400  m exceeds  that  from  the  quiet  vehicles  passing  as  close  as  16  m. 

4.6  Concluding  Consents 

Ignition  systems  are  highly  variable  sources  of  man-male  radio  noise,  which  contribute  to  the  composite 
electromagnetic  noise  environment  even  up  into  the  microwave  region.  While  data  have  been  taken  on  in- 
dividual vehicles,  relatively  little  is  known  about  the  causes  of  the  variability  and  even  less  is  known 
about  the  range  of  variability  of  the  noise  of  automobiles  in  service.  The  relatively  few  analytical  models 
for  the  noise  from  vehicles  have  yet  to  be  adequately  checked  agalnet  experimental  data. 

5.  OTHER  SOURCES  OF  MAN-MADE  NOISE 

Power  lines  and  automobile  ignition  systems  are  not  the  only  sources  of  brosd-band  electromagnetic 
noise.  Nuaieroua  other  sources  exist  within  the  categories  listed  in  Tabu  1,  and  it  appears  that  no  por- 
tion of  the  spectrum  and  few  areas  of  the  world  are  unpolluted.  As  a low  point  within  the  electromagnetic 
spectrum,  as  well  as  with  respect  to  the  earth's  surface,  BENSEMA  et  al.  (1974)  and  KANDA  (1974)  reported 
spectrum  measurements  of  sum-made  noise  from  1 to  100  kHz  arising  from  the  operation  of  dc  machinery  in  a 
coal  mine.  As  en  example  of  remoteness  (although  the  source  in  question  was  power- line  noise),  STUART  and 
SITES  (1973)  noted  that  "from  a communicator's  and  experimenter's  point  of  view,  man-made  noise  la  a definite 
problem  in  Antarctica,"  and  they  found  it  necessary  in  that  part  of  the  world  to  go  several  kilometers  from 
the  centers  of  activity  before  natural  noise  became  the  limiting  source. 

Since  the  automobile  uas  sources  of  noise  other  than  its  ignition  system,  these  additional  sources 
will  have  the  potential  of  causing  disruption  whenever  the  automobile  is  used.  Considering  the  lower- 
frequency  observations  first,  BOLTON  (1972)  reported  that  the  high-level  noise  at  76  kHz  in  a public 
parking  lot  in  Denver  was  due  to  noise  generated  by  automobile  starters.  Fortunately,  this  noise  generally 
lasts  for  only  a few  seconds  per  vehicle. 

Another  source  of  nolae  within  the  automobile  is  the  alarm  buzzer  intended  to  alert  the  driver  that 
he  is  opening  the  door  with  the  key  atill  in  the  ignition  lock.  (Presumably,  the  other  alarm  buzzers  that 
alert  one  of  unfastened  seat  belts  and  so  on  also  make  noise.)  Comparisons  of  the  rms  voltage  of  the  noise 
from  the  door-alarm  buzzer  with  that  of  the  ignition  noise  were  made  by  SHEPHERD  et  al.  (1973)  and  by 
LAUBER  (1974)  at  20,  25,  and  30  MHz.  These  fixed-frequency  measurements  indicated  that  a car's  door  buzzer 
nolae  might  exceed  its  ignition  noise  in  the  upper  part  of  the  HF  band  by  up  to  25  dB. 

SRI  made  frequency-scanning  measurements  on  a vehicle,  using  a peak  detector  at  a distance  of  10  m, 
in  accordance  with  SAE  J551c  (SAE,  1974)  standard.  These  measurements  indicated  that  buzzer  noise  is  com- 
parable to  ignition  noise  up  through  1000  MHz.  Figure  15  shows  some  comparative  measurements  up  through 
500  MHz,  made  without  moving  the  vehicle  or  the  antenna.  Fortunately,  buzzer  noise  is  usually  intermittent 
relative  to  ignition  noise. 

An  automobile's  horn  is  used  only  seldom,  which  is  fortunate  from  the  standpoint  of  audio-frequency 
and  radio-frequency  noise.  During  a brief  measurement  session  SRI  observed  that  the  major  noise  source  at 
413  MHz  in  a narrow  street  in  San  Francisco  was  a back-up  signal  horn  on  s truck  about  50  m away.  It  ex- 
ceeded the  truck's  ignition  noise  by  at  least  15  dB. 

Some  other  transportation  systems  are  also  generators  of  man-made  radio  noise.  VINCENT  and  ELLISON 
(1974)  made  measurements  alongside  the  tracks  of  th  new  Bay  Area  Rapid  Transit  (BART)  system  in  the  San 
Francisco  area.  These  measurements  show  that,  although  the  general  background  noise  level  between  4 and 
8 MHz  in  the  urban  area  was  already  quite  high,  impulsive  noise  from  the  trains  (powered  by  a 1000-V  dc 
third  rail)  exceeded  the  background  by  20  to  30  dB.  Strong  radio  noise  bursts  associated  with  bright 
arcing  in  the  wheel  area  of  trains  approaching  a station  were  noted.  This  noise  was  not  observed  to  be 
associated  with  departing  trains.  The  departing  trains  produced  impulses  at  about  220  pulses  per  second, 
"probably  associated  with  the  drive  motor  control  circuitry."  This  impulse  noise  was  noted  to  disappear 
for  about  2 seconds  as  the  propulsion  system  power  was  reduced,  and  it  then  resumed  with  a slightly  dif- 
ferent structure  as  power  was  reapplied. 

In  Germany  SRI  researchers  no'ed  noise  over  the  HF  band  from  the  electric  trains  and  their  15-kV, 
16.67-Hz  power  line.  (Diesel-electric  engines  on  the  same  track  were  not  observed  to  generate  significant 
noise  above  ambient.)  The  power  line  was  a major  source  of  noise,  vith  large  groups  of  impulses  occurring 
at  33.33  Hz,  signifying  a number  uf  gap  breakdowns  at  one  or  more  places  on  the  line  for  each  voltage 
maximum. 


The  record  was  made  at  the  same  time  and  on  the  same  antenna  ac  one  of  the  APDs  of  Figure  12. 


The  manuring  system  used  by  Vincent  and  Ellison  has  also  been  used  to  observe  noise  iron  silicon- 
controlled  rectifiers  (SCRs)  and  from  industrial  heating  devices  such  as  those  used  for  plastic  welding. 

At  HF  this  noise  may  propagate  for  thousands  of  miles  by  ionospheric  reflection,  it  is  becoming  more  and 
more  a problem  as  large  SCRs  are  Increasingly  used  in  Industrial  and  manufacturing  processes  (VINCENT, 

W.  R.,  1974).  Figure  16  shows  three  views  of  a 3-second  period  of  the  noise  from  a desk-top  electromechani- 
cal calculator  in  thu  30-  to  50-MHz  region.  FORD  (1972)  observed  that  modem  pocket-sized  calculators  are 
also  potentially  significant  noise  sources. 

City  noise  consists  of  the  accumulation  of  all  the  high-level,  short-duration  pulses  from  switching, 
operation  of  machinery,  and  so  on  that  take  place  in  a city.  Automobile  ignition  noise  (and  other  automo- 
bile noise)  and  power-line  noise  certainly  contribute  to  city  noise.  Other  noise  sources  are  arc  welders, 
superregeneretlve  receivers,  and  household  appliances  (MARTIN,  H. , and  TABOR,  F.,  1972;  MILLS,  A.  H.,  1971). 
The  sources  for  this  noise  are  so  numerous  that  the  pulses  generally  overlap  in  a receiver,  and  the  resolu- 
tion of  individual  sources  is  not  possible.  LYNN  (1972)  referred  to  this  noise  as  "electromagnetic  smog." 
He  described  a number  of  electromagnetic  compatibility  problems  (not  all  from  broad-band  noise)  to  show  the 
"generally  insidious  and  sometimes  ridiculous"  nature  and  effects  of  man-made  noise. 

City  noise  was  measured  from  aircraft  over  Seattle  at  HF  and  below  by  BUEHLER  and  LUNDEN  (1966),  over 
Florida  at  VHP  by  PL0USSI0S  (1968),  and  over  Illinois  at  frequencies  up  to  440  MHz  by  SWENSON  end  COCHRAN 
(1973).  In  the  Seattle  area,  Buehler  and  Lunden  concluded  that  at  otherwise  quiet  times  city  noise  may 
control  reception  at  1 MHz  about  65  Km  from  the  city  center  over  land  and  out  to  about  160  km  from  the 
city  over  salt  water.  While  flying  at  about  3 km  over  highly  populated  areas  in  Northern  California,  ROTH 
(1958)  observed  Increases  of  about  12  dB  above  the  ambient  galactic  noise  at  40.38  MHz. 

The  Swenson  and  Cochran  measurements  were  made  from  an  aircraft  altitude  of  approximately  700  m over 
about  20  cities  and  towns  ranging  in  population  from  200  to  90,000.  At  222  MHz,  all  (except  possibly  one) 
produced  discernible  noise.  Similar  flights  over  a large  coal-fired  power-generating  plant  and  over  power- 
switching yards  did  not  provide  noticeable  noise.  One  village  (population  about  500)  was  found  to  have  an 
unusually  large  amount  of  noise.  A ground  search  turned  up  a superregenerative  receiver  on  an  automatic 
garage  door  opener,  radiating  continuously  over  a wide  frequency  band. 

There  are  various  sources  of  radiation  in  aircraft  (e.g.,  ignition  and  electrical  systems  including 
Inverters  and  alternators)  in  addition  to  the  transmitters  they  carry.  The  noise  levels  to  which  an  air- 
plane is  subject  are  the  congn  site  of  those  produced  by  the  on-board  equipment  and  those  produced  by  sources 
n the  ground  (e.g.,  the  noise  discussed  above).  Swenson  and  Cochran  found  it  necessary  to  equip  their  re- 
ceiving system  with  a noise-blanker  to  keep  their  ssiall  plane's  shielded  Ignition  system  from  interfering 
with  the  measurements. 

Man-made  radio  noise  can  be  found  even  in  remote  rural  areas,  although  whether  it  is  a problem  there 
is  not  certain.  CONE  (1972)  made  measurements  at  137  MHz  to  determine  the  suitability  of  a remote  rural 
area  in  South  Dakota  for  a satellite  tracking  station.  He  found  that  galactic  noise  generally  predominated 
but  that  man-made  noise  was  sometimes  the  limiting  noise.  Automobiles  were  particularly  noticeable  when 
they  were  in  "close  proximity,"  which  in  this  survey  was  within  0.8  km  of  the  measurement  location.  An 
electric  fence  about  3.2  km  from  the  site  established  the  noise  threshold  for  many  hours. 

This  discussion  of  miscellaneous  sources  of  man-made  electromagnetic  noise  is  far  from  complete  and 
is  intended  primarily  to  illustrate  by  example  the  diversity  among  some  recognized  sources. 

6.  MAN-MADE  RADIO  NOISE  PREDICTIONS 

SPAULDING  and  DISNEY  (1974)  discussed  two  methods  of  predicting  man-made  radio  noise.  One  method  is 
based  directly  on  past  measurements;  the  other  depends  on  the  correlation  of  past  noise  measurements  with 
some  predictable  parameter (a)  of  the  environment. 

The  first  prediction  method  assumes  that  the  behavior  patterns  noted  at  "typical"  locations  will  be 
the  same  at  similar  locations  in  the  future.  Analysis  or  the  available  data  base  for  each  category  of 
location  will  then  provide  the  estimates  of  the  man-made  radio  noise  conditions  to  be  found  in  future  lo- 
cations in  the  same  category.  Spaulding  and  Disney  defined  chree  basic  location  categories:  business, 

residential,  and  rural.  Figure  17  shows  median  power  spectral  density  values  for  the  band  250  kHz  to  250 
MHz  for  these  categories.  This  is  an  updated  version  of  a similar  plot  for  urban,  suburban,  and  rural 
areas  given  by  JTAC  (1968).  The  user  of  the  data  base  must  determine  the  category  that  best  describes  the 
location  for  which  he  desires  to  predict  the  parameter. 

* 

The  data  base  consists  of  about  300  hours  of  data  collected  simultaneously  on  eight  frequencies  in 
six  states  and  in  Washington,  D.C.,  at  various  times  between  1966  and  1971.  The  measurements  were  made  in 
103  different  areas,  generally  in  the  morning  hours  so  that  atmospheric  noise  would  be  at  a low  enough 
level  that  the  man-made  noise  would  predominate.  The  standard  deviation  of  all  the  medians  for  the  measure- 
ments in  the  23  business  areas  about  the  values  given  in  Figure  17  was  approximately  7 dB.  For  the  38 


Some  data  were  tak'/n  at  1 and  10  MHz,  in  addition  to  the  standard  measurement  frequencies  listed  in 
Table  2. 
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residential  and  31  rural  areas,  tha  corresponding  standard  davlatlons  vara  approximately  5 and  6.5  dB,  re- 
spectively. Tha  axpactad  variation  of  man-made  nolaa  lavala  about  the  median  value  observed  within  a 
given  hour  are  suaaMrlaed  in  Table  2 for  each  basic  category. 

TABLE  2 EXPECTED  VARIATION,  WITHIN  AN  HOUR,  IN  MAN-MADE  RADIO 
NOISE  LEVELS  ABOUT  THE  MEDIAN  VALUES* 


Frequency 

(MHz) 

Business  Area 

al  Area 

Rural 

Area 

D (dB)T 
U 

Di(dB)» 

Du(dB) 

Dz(dB) 

D (dB) 
u 

Dx(dB) 

0.25 

8.1 

6.1 

9.3 

5.0 

10.6 

2.8 

0.5 

12.6 

8.0 

12.3 

4.9 

12.5 

4.0 

1.0 

9.8 

4.0 

10.0 

4.4 

9.2 

6.6 

2.5 

11.9 

9.5 

10.1 

6.2 

10.1 

5.1 

5 

11.0 

6.2 

10.0 

5.7 

5.9 

7.5 

10 

10.9 

4.2 

8.4 

5.0 

9.0 

4.0 

20 

10.5 

7.6 

10.6 

6.5 

7.8 

5.5 

48 

13.1 

8.1 

12.3 

7.1 

5.3 

1.8 

102 

11.9 

5.7 

12.5 

4.8 

10.5 

3.1 

250 

6.7 

3.2 

6.9 

1.8 

3.5 

0.8 

See  Figure  17  for  median  values. 

^Du  - ratio  of  upper  decile  to  median.  In  decibels. 
. - ratio  of  median  to  lower  decile.  In  decibels. 


Eleven  areas  did  not  fall  neatly  Into  any  one  of  the  three  standard  location  categories.  The  data 
from  Interstate  highways  outside  of  main  towns  or  cities  and  those  from  fairly  large  parks  and  university 
campuses  within  cities  were  treated  separately. 

The  second  major  type  of  estimation  method  Involves  the  correlation  of  the  received  noise  with  various 
predictable  parameters  of  the  environment.  The  most  successful  "predictor"  found  to  date  for  frequencies 
above  about  20  MHz  Is  traffic  density.  This,  combined  with  traffic  engineering  estimates  of  future  highway 
usage,  may  provide  the  best  estimate  of  future  radio  noise  levels  at  many  locations.  Use  of  the  model  de- 
veloped by  SPAULDING  and  DISNEY  (1974)  for  vertical-monopole  antennas  requires  the  following  Information: 

(1)  the  mean  and  the  variance  of  the  power  spectral  density  (In  decibels)  radiated  from  individual  vehicles 
at  some  particular  measurement  distance  of  Interest,  (2)  the  traffic  density  In  vehicles  per  hour,  and 
(3)  the  average  speed  of  the  vehicles.  For  antennas  other  than  the  vertical  monopole,  the  model  requires 
a modification  In  the  antenna  gain  pattern. 

The  predictions  described  above  pertain  to  the  ground  environment.  It  would  be  useful  to  have  models 
for  the  noise  levels  from  unintentional  radiators  to  be  encountered  by  aircraft  and  possibly  even  by  some 
satellites.  Although  some  attempts  at  such  models  have  been  made  (e.g.,  SKOMAL,  E.  N.,  1970;  BUEHLER,  W.  F., 
and  LUNDEN,  C.  D.,  1966),  this  work  is  far  less  advanced  than  the  work  on  models  for  the  ground  environment. 

7.  VOIDS  IN  KNOWLEDGE  ABOUT  MAN-MADE  RADIO  NOISE 

One  would  like  to  know  whether  man-made  noise  levels  are  Increasing,  decreasing,  or  staying  about  the 
same,  but  currently  there  is  only  a sketchy  answer  to  this  question.  Increases  In  the  number  of  noise 
sources  (e.g.,  the  number  of  power-line  miles,  and  the  number  of  registered  automobiles)  or  in  the  parameters 
probably  related  to  man-made  noise  (e.g.,  power  consumption)  have  been  noted  in  the  United  States  (JTAC, 
1968).  The  data  on  the  proliferation  of  silicon-controlled  rectifiers  and  other  more  recently  developed 
noise  sources  may  be  useful.  As  discussed  by  SPAULDING  and  DISNEY  (1974),  these  data  indicate  that  the 
noise  levels  in  Che  United  States  are  probably  increasing,  but  they  are  not  useful  for  estimating  the 
^electromagnetic  environment  at  any  given  location.  LYNN  (1972)  looked  at  equipment  densities  on  a regional 
basis,  but  even  this  is  too  coarse  for  predicting  levels  as  a function  of  the  local  environment.  Identifi- 
cation of  trends  (if  arv)  in  the  average  noise  power  levels  over  a period  of  years  can  only  be  made  by 
measurements. 

Long-term  measurements  of  man-made  radio  noise  at  the  same  location  are  relatively  scarce  (ENGLES, 

J.W.,  and  HAGN,  G.  H.,  1973),  making  it  difficult  to  identify  trends  in  noise  levels.  Some  limited  data 
f'r  Washington,  D.C.,  for  1960  and  1966,  suggest  that  the  levels  are  staying  about  the  same  in  highly  de- 
veloped urban  areas  where  vehicle  traffic  density  is  already  very  large  (SPAULDING,  A.  D.,  and  DISNEY,  R.  J., 
1974). 
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Spaulding  and  Disney's  data  baaa  on  man -mad  a radio  nolaa  In  bualneaa,  residential,  and  rural  araaa  In 
tha  USA  (or  tha  fraquancy  rang*  250  kHz  through  230  MHi  la  probably  cha  boat  information  avallabla  on 
^average  nolaa  power  spectral  danalty.  It  can  ba  uaad  lor  predicting  changaa  In  nolaa  lavala  aa  an  araa  la 
'/developed  from  rural  to  althar  raaldantlal  or  urban.  Thi-.  tins  tyta  of  change  of  nolaa  levala  would  ba  re- 
C7  latad  to  tha  development  time  acale.  Tha  Information  given  In  I .gure  17  haa  bean  adopted  Internationally 

(CCIR,  1974),  but  It  haa  not  yet  been  axtenalvely  checked  outalde  tha  USA.  Few  data  on  average  nolaa  power 
or  powar  apactral  danalty  are  avallabla  for  fraquanciea  above  about  250  MHz.  SKOMAL  (1973)  haa  aummarleed 
aome  raaulta  extending  to  1 GHi. 


Few  data  have  bean  taken  almultaneoualy  in  different  bandwldtha  with  the  same  type  of  detector.  There- 
fore, rulea  for  extrapolating  data  from  one  bandwidth  to  another  are  not  well  worked  out  for  man-made  radio 
nolae.  A method  haa  been  developed  for  this  type  of  extrapolation  for  atmospheric  radio  noise  (SPAULDING, 

A.  D.,  et  al. , 1962),  but  this  method  has  not  been  adequately  verified  experimentally  except  over  a very 
limited  bandwidth  range  (SPAULDING,  1974). 

Still  another  category  of  void  In  our  knowledge  pertains  to  the  lack  of  standardization  of  nomenclature 
and  measurement  techniques.  The  CISPR  requires  a quasi-peak  meter  whose  time  constants  are  chosen  to  corre- 
late with  an  annoyance  factor  for  AM  broadcasting.  Attempts  have  been  made  to  correlate  the  readings  from 
CISPR  quasl-peak  meters  with  degradation  to  other  types  of  service,  such  as  television  (e.g.,  STUMPERS,  F.  L., 
197-3,  1971,  1973;  BAUER,  F.,  1973;  CORTINA,  R.,  et  al.,  1973). 

Unfortunately,  when  dealing  with  random  processes  it  la  not  possible  to  relate  analytically  the  re- 
sponse of  a quasl-peak  detector  to  that  of  an  rms  detector,  which  measures  the  average  noise  power  as  used 
to  calculate  slgnal-to-noise  ratio  in  statistical  comnunlcatlons  theory  (GESELOWITZ,  D.  B.,  1961,  MATHESON, 

R.  J.,  1970).  MAGRAB  and  BLOMQUIST  (1971)  discussed  the  problem  of  measuring  transients  and  low-duty-cycle 
waveforms. 


Another  variety  of  void  pertains  to  our  knowledge  of  how  best  to  sample  the  more  general  classes  of 
nonstationary  random  processes.  BENDAT  and  PIERSOL  (1971),  MAGRAB  and  BLOMJUIST  (1971),  COX  and  LEWIS  (1966), 
and  others,  have  addressed  the  problems  associated  with  the  measurement  and  analysis  procedures  for  random 
data.  MIDDLETON  (1972)  discussed  the  concept  of  macrostationarity.  He  defined  a macrostationary  process 
as  one  that  is  not  truly  stationary  in  the  analytical  sense  but  that  can  be  treated  as  such  for  periods 
during  which  the  changes  in  the  source  conditions  are  small.  In  any  given  case,  it  is  usually  the  sample 
data  themselves  that  reveal  the  degree  of  nonstationarity.  Even  if  the  changes  in  source  conditions  are 
large,  the  data  can  be  treated  in  a meaningful  way  If  the  sources  have  operated  long  emugh  to  have  been 
in  most  of  their  possible  states  during  the  observation  interval.  KANDA  (1974)  successfully  used  the  vari- 
ance analysis  of  ALLAN  (1966)  to  determine  the  minimum  length  of  time  required  for  observing  the  electro- 
magnetic noise  in  mines.  Other  distribution- free  techniques  are  also  potentially  useful  (e.g.,  WALSH,  J., 
1962,  1965,  1968). 

The  final  category  of  void  concerns  our  ability  to  relate  the  effects  of  additive  non-Gaussian  noise, 
aa  measured  in  the  environment,  to  the  performance  of  specific  systems.  Many  of  the  electromagnetic  en- 
vironmental data  available  are  not  directly  applicable  to  the  analysis  of  the  performance  of  particular 
communication  systems.  There  are  several  reasons  for  this.  The  most  direct  approach  to  the  analysis  of 
communication  systems  is  to  develop  an  analytical  model  for  the  performance  of  the  particular  system,  re- 
quiring, as  inputs  to  the  model.  Information  about  the  desired  signal  and  the  noise;  to  gain  confidence 
in  the  model  by  simultaneously  measuring  the  performance  of  the  system  and  parameters  necessary  for  the 
model's  use;  and  to  compare  the  modeled  performance  with  the  observed  performance.  It  is  then  possible  to 
acquire  the  appropriate  nolae  environmental  data  base  by  measuring  the  noise  parameters  required  by  the 
model  and,  perhaps  further,  to  model  the  noise  in  a way  that  will  facilitate  estimating  the  required  param- 
eter for  situations  for  which  measurements  are  Impractical.  If  this  were  done  for  a variety  of  systems  it 
would  probably  be  noted  that  certain  noise  parameters  are  frequently  required.  It  follows  that  those  com- 
mon parameters  should  be  measured  whenever  practical,  in  order  to  fill  in  some  of  the  current  voids  in  our 
present  knowledge  of  man-made  noise. 

Statistical  comnunlcatlon  theory  gives  general  guidelines  for  analysis  and  design  of  systems  intended 
for  operation  in  impulsive  noise  environments.  The  power  spectral  density  of  the  noise  and  the  amplitude 
probability  distribution  function  of  the  instantaneous  amplitude  at  the  output  of  the  predetection  filter 
of  the  comnunlcatlons  receiver  are  frequently  necessary  but  not  always  sufficient  to  analyze  the  performance 
of  digital  modems. 

Commonly  measured  parameters,  such  as  the  peak  and  quasl-peak  voltage  have  been  correlated  with  the 
performance  of  analog  voice  and  television  systems  (BURRILL,  C.  M.,  1942;  JUETTE,  G.  W.,  1972;  CORTINA,  R., 
et  al. , 1973) . While  considerable  data  on  these  parameters  exist  they  are  not  particularly  useful  for 
analysing  digital  systems. 
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FIGURE  1 CATEGORIES  OF  SOURCES  CONTRIBUTING  TO  THE  COMPOSITE 
ELECTROMAGNETIC  NOISE  ENVIRONMENT 
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FIGURE  2 EXAMPLES  OF  CONTRIBUTIONS  TO  THE  COMPOSITE 
ELECTROMAGNETIC  NOISE  ENVIRONMENT  BY 
INTENTIONAL  AND  UNINTENTIONAL  ILADIATORS-- 
AS  OBSERVED  WITH  A SCANNING  RECEIVER  (AFTER 
VINCENT,  W.  R.,  AND  DAYHARSH,  T.  I.,  1969) 
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SOURCE:  Spaulding.  A.  O..  1972. 
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FIGURE  3 LINEAR  REGRESSION  GF  IRE  MEAN  OF  48  MHz  Fa 

VALUES  ALONG  A THOROUGHFARE  (F  ) VERSUS  LOG 
HOURLY  TRAFFIC  COUNT  ALONG  THE  THOROUGHFARE 
(26  THOROUGHFARES) 
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SOURCE:  Spaulding,  A.  D„  1972. 
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FIGURE  4 CORREIATION  COEFFICIENTS  ALONG  WITH  THE  95-PERCENT 
CONFIDENCE  LIMITS  FOR  EACH  OF  THE  MEASUREMENT 
FREQUENCIES,  Ffl^  VERSUS  LOG  HOURLY  TRAFFIC  COUNT 
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FIGURE  5 RELATIVE  FREQUENCY  SPECTRA  FOR  DIFFERENT 

TYPES  OF  NOISE  FROM  POWER  LINES  (THE  NUMBERS 
IN  PARENTHESES  ARE  THE  ABSOLUTE  VALUES 
MEASURED  AT  0.150  MHz,  AFTER  JUETTE,  G.  W. , 
1972) 
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FIGURE  6 MEDIAN  VALUES  OF  AVERAGE  NOISE  POWER 

SPECTRAL  DENSITIES  APPROXIMATELY  UNDERNEATH 
SELECTED  POWER  LINES 
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PERCENT  OF  TIME 


SOURCE:  Baity.  B.  M.  and  Balsher.  M.  W„  1968. 
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FIGURE  7 RI  DISTRIBUTION,  PERCENT  OF  TIME  RI  LEVEL 
EQUALS  OR  EXCEEDS  ORDINATE 


FIGURE  8 IGNITION  NOISE- -LEFT  SIDE  1972  BUICK  LE  SABRE,  VERTICAL 
POLARIZATION,  10  m 


3-19 


FREQUENCY  — MHz 

SA-1022-4R 

FIGURE  9 VEHICLE  IGNITION  NOISE,  1963  FORD  PANEL  TRUCK  (SIX  CYLINDER, 
4 x 2),  VERTICAL  POLARIZATION 


PERCENTAGE  OF  TIME  ORDINATE  IS  EXCEEDED 

SOURCE:  Schulz,  R.  B.  tt  at.,  1973. 
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FIGURE  10  SINGLE-VEHICLE  APD  DATA  (AVERAGE  OF  FOUR  VEHICLES) 
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PERCENT  OF  TIME  ORDINATE  !S  EXCEEDED  PERCENT  OF  TIME  ORDINATE  IS  EXCEEDED 

SOURCE;  Sluphtrd.  R.  A.,  1974. 
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FIGURE  11  APDs  OF  THREE  VEHICLES,  RIGHT  SIDE  AT  10  m,  24.11  MHz, 
8 kHz  NOISE  BANDWIDTH 
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FIGURE  12  APDs  SHOWING  LIGHT,  MODERATE  AND  HEAVY  TRAFFIC 
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FIGURE  13  DISTRIBUTIONS  OF  IGNITION  NOISE  POWER  SPECTRAL  DENSITIES 
MEASURED  AT  SEVERAL  LOCATIONS  (MOVING  VEHICLES) 


SOURCE:  Shtphard,  R.  A.  at  al.,  1973. 
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FIGURE  14  CHART  RECORD  OF  IGNITION  NOISE  POWER  AT  29. 71  MHz  NEAR 
THE  FREEWAY 
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FIGURE  16  CALCULATOR  NOISE 
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FIGURE  17  ESTIMATES  OF  MEDIAN  VALUES  OF  MAN-MADE  AND 

GALACTIC  NOISE  POWER  SPECTRAL  DENSITIES  EXPECTED 
AT  TYPICAL  LOCATIONS  ON  A LOSSLESS  SHORT  GROUNDED 
VERTICAL  MONOPOLE 
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DISCUSSION 

F.  D.  GREEN:  One  reason  why  there  have  not  been  many  measurements  of  man-made  noise  at  VHF  (In  land 
mobile  band)  Is  because  there  have  not  been  many  complaints  of  noise  at  VHF  In  urban  areas, 
experience  has  been  not  to  be  able  to  obtain  support  for  measurements  In  this  range  because  complaints 
are  few.  This  Is  undoubtedly  because  sufficient  power  Is  permitted  to  cover  the  urban  area  on  each 
assignment.  Nonetheless,  It  seems  Important  to  make  noise  measurements  In  the  VHF  range,  otherwise, 
like  the  "horsepower"  race  In  automobiles,  we  will  arrive  at  a stage  where  the  noise,  like  the  danger, 
may  be  Intolerable. 

R.  A.  SHEPHERD:  What  can  I do  but  agree?  We  should  also  note  that  the  degradation  caused  by  the 

noise  may  not  be  noticeable  to  the  user  of  the  land  mobile  system.  It  may  operate  against  the  AGC 
circuit  to  decrease  the  sensitivity  of  the  receiver,  an  effect  that  may  not  be  noticeable  to  the  user. 

G.  H.  HAGN:  Complaints  are  a useful  Input  to  the  Identification  of  potential  problems,  but  they  are 
neither  necessary  nor  sufficient  when  It  comes  to  assessing  where  additional  work  Is  required.  Mr.  J.  Deltz 
of  the  US  Federal  Conmunicatlons  Commission  has  recently  quantified  how  much  additional  transmitter  power 
(effective  radiated  power) Is  required  for  the  VHF  land  mobile  rallo  systems  to  override  the  noise  for  a 
given  grade  of  service.  Also,  one  might  expect  that  in  areas  of  "fringe  coverage"  the  FM  and  TV  broad- 
cast listeners  might  suffer  Interference  and  some  of  them  might  even  complain  If  they  thought  thev  could 
get  a remedy. 

D.  BOSMAN:  In  the  noise  data  on  power  lines  a dependence  on  weather  conditions  Is  oulte  clear.  Can  vou 
tell  us  which  antenna  types  were  used  In  the  experiments,  and  whether  the  antennas  were  shielded  from 
or  exposed  to  the  parameter  In  question,  l.e.,  rain  or  snow?  (Background  of  the  question:  What  was 
mainly  measured;  powe>"  of  the  noise  source,  variation  In  transmission  and/or  effects  on  the  antenna 
characteristics?) 

R.  A.  SHEPHERD:  The  power  line  data  shown  as  a function  of  weather  condition  was  all  abstracted  from 
material  In  the  open  literature  and  I do  not  recall  the  situations  of  the  antennas'  possible  exposure. 

The  noise  Increases,  however,  are  real;  they  have  also  been  observed  when  short  sections  of  test  lines 
are  subjected  to  sprinkling  of  water, etc.  We  would  not  expect  rain  or  snow  In  the  air  to  appreciably 
affect  the  path  between  the  source  and  the  receiver  at  the  frequencies  (LF  and  HF)  used. 

G.  H.  HAGN:  The  precipitating  particles  impacting  on  an  unprotected  antenna  have  the  potential  to 
cause  noise  which  can  be  observed  at  the  receiver  output,  usually  due  to  corona  from  the  antenna 
Itself.  It  Is  Important  to  be  able  to  sort  out  noise  from  this  source  and  the  noise  from  the  power- 
line under  observation.  For  the  data  (described  In  the  last  paragraph  of  Section  3.5)  taken  during 
rain  I used  a 1-m  vertical  rod  antenna  which  was  completely  exposed.  I assured  myself  that  the 
observed  noise  came  from  the  power  line  b.v  movinq  the  antenna  around  and  correlating  changes  in  level 
of  several  dB  with  proximity  to  the  power  line  towers. 

F.  S.  STRINGER:  Is  it  practicable  to  Identify  the  direction  along  which  a high  power  line  lies  and  the 
direction  of  the  nearest  point  to  the  observer  by  DF  techniques?  If  so,  what  practical  maximum  range 
Is  likely  to  be  obtainable? 

R.  A.  SHEPHERD:  It  impossible  to  locate  the  sources  of  gap  type  noise  but  this  is  generally  done  In 
ad  hoc  manner  In  order  to  tighten  the  hardware  or  to  otherwise  suppress  the  sources.  A system  to 

Identify  the  direction  to  and  the  direction  of  power  lines  that  are  radiating  corona  noise  has  not 

been,  so  far  as  I know,  attempted.  The  range  limitations  would  depend  upon  the  other  sources  of  noise 
in  the  area  and  the  system's  ability  to  discriminate  between  the  noise  from  the  power  line  and  that 
from  other  sources. 

G.  H.  HAGN:  It  should  be  possible  in  some  cases  to  use  direction  finding  techniques  to  locate  power 

lines  which  are  acting  as  distributed  sources  of  noise  from  corona  as  well  as  for  locating  the  noise 

from  specific  gaps.  Both  airborne  and  ground-based  techniques  can  be  applied  to  this  problem.  The 
success  In  general,  should  be  highly  variable,  and  any  given  case  will  probably  depend  on  the  exact 
details  of  the  system  used,  the  geometry  of  the  line,  the  weather,  and  the  composite  electromagnetic 
noise  environment  at  the  location  of  the  receiving  antenna. 


LES  BRUITS  COSMIQUES 
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. On  Fait  l'inventaire  des  sources  de  bruit  naturelle9  dans  tout  le  domaine  radioAlectrique , 

en  prAcisant  la  nature  de  ces  bruits.  Certaines  Amissions  sont  continues  et  A spectre  trAs  large  (Amission 
galactique,  radiosources)  d'autres  sporadiques  et  A spectre  irrAgulier  (sursauts  du  Soleil  et  de  Jupiter, 
Pulsars) . 


On  donne  leurs  caractAristiques  muyennes  dans  les  diverses  parties  du  spectre,  en  prAci- 
sant  lour  effat  "parasite"  sur  les  tAlAcommunications  terrestres. 

I - Introduction 

Du  point  de  vue  de  l'Astranome,  les  Amissions  radioAlectriques  des  astres  ont  une  importance 
considArable . Elies  nous  renseignent  sur  de  trAs  nombreux  problAmes  d'astrophysique,  depuis  la  structure 
de  la  magnAtosphAre  de  Jupiter  juaqu'A  Involution  mfime  de  l'Univers. 

Du  point  de  vue  des  radiocommunications  terrestres  par  contre,  ces  "bruits  cosmiques"  cons- 
tituent une  nuisance,  car  ils  vont,  dans  de  nombreux  cas,  limiter  le  senaibilitA  des  instruments,  et  pour- 
ront  parfois  Btre  confondus  avec  les  signaux  "utiles"  qua  l'on  nberchu  A dAtecter. 


II  est  done  important  de  fairs  l'inventaire  de  ces  bruits  cosmiques,  en  regardant  leur  in- 
tensitA,  leur  distribution  sur  le  ciel,  et  leur  spectre  dynamique,  c'est-A-dire,  dans  le  cas  des  sources 
trAs  variables,  les  variations  de  leur  intensitA  en  fonction  de  la  frAquence  et  du  temps. 

L'usage,  en  radioes tronomie , est  d'exprimer  1'intenSitA  d’une  Amission,  quand  la  source  est 
beaucoup  plus  petite  que  le  lobe  de  l'antenne,  par  sa  densitA  de  flux  exprimAe  en  watt  par  mfttre  carrA  de 
surface  rAceptrice  aur  la  Terre  et  par  Hertz  de  bande  Dassante.  L'unitA  habituelle  est  de  10-26  W.m”2  Hz-1, 
et  lea  sources  coriues  s'Atagont  entre  1 0“'  **  W.m-2  Hz-  et  1 0“Z®  W.  m“2  Hz”'. 


Qua’.fl  les  sources  sont  trAs  Atendues,  on  dAfinit  plutBt  la  "brillance"  B qui  est  Agale  au 
flux  regu,  en  watt,  F'Ei  mAtre  carrA  de  surface  rAceptrice  au  sol,  par  Hertz  de  bande  passur.te  et  dans  un 
angle  solic'e  do  1 stur  idian  vu  de  Ja  Terre. 


Ceci  ncVjs  conduit  A dAfinir  la  TempArature  de  brillance,  Tp  qui,  pour  les  sources  de  dimen- 
sion apparente  sensib.  e est  Agale  A la  tempArature  que  devrait  avoir  un  corps  noir  de  mBme  dimension  que  la 
source  pour  rayonner  intenaitA  observAe.  On  montre  facilement  que  l'on  a les  relations 


S 


2k  Th  „ 
X2 


(1) 


2k  Th 


(2) 


Ceci  n'est  autre  que  l'approximation  dans  le  domaine  radio  de  la  loi  de  rayonnement  du  Corps 
(k  " constante  de  Boltzman,  fi  ■ angle  solide  sous-tendu  par  la  source,  X ■ longueur  dTonde) 


II  faut  inaister  aur  le  fait  que  la  TempArature  do  brillance  no  reprAsente  gAnAralement  pas 
la  TempArature  rAelle  de  la  source.  Ceci  n'est  vrai  que  dans  le  cas  d'un  astro  aolide,  comma  la  lune  ou  les 
planAtes,  aux  frAquencus  oA  leur  coefficient  de  rAflexion  est  nul,  et  des  nuages  gazeux  dont  l'Amiasion 
est  dite  "thermique"  et  1'Apaisseur  optique  trAs  grande.  Mais  dans  la  majoritA  des  cas,  la  TempArature  de 
brillance  fait  intervenir  1'Apaisseur  optique  du  gaz  emissif  et  surtout  le  mAcanisme  d'Amission  lui-mBme. 

Qn  pout  ainsi  avoir  des  tampAratures.  de  brillance  comprises,  suivant  les  astres  0*K  (ou  3»K  pour  le  fond 
cont.inu  "cosmologique"  sur  ondes  millimAtrioues ) et  1022«k  pour  COrtains  pulsars. 

Nous  dirons  pour  termirer  cette  Atude  quelques  mots  sur  les  techniques  de  dAtection  des 
bruits  cosmiques.  Maie  pour  complAter  les  dAfinitions,  il  faut  dAfinir  la  "TempArature  d'antenne"  plus 
souvent  utilisAe  en  radioestronomie  qu'en  tAlAcommunication. 

La  TempArature  d'antenne  est  la  tempArature  que  devrait  avoir  une  rAsistance  adaptAe  mise 
A la  place  de  l'antenne  pour  anvoyer  au  rAcepteur  une  tension  de  bruit  Agale  A cells  envoyAe  par  l'an- 
tenne. 


La  puissance  rogue  par  l'antenne  est  ainsi,  pour  une  bande  passente  B 

P - k Ta  B 

elle  -st  Agale  A le  puissance  »"v=yAe  au  rAcepteur,  done 
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La  thdorie  thermodynamiqua  daa  antennaa  montrs  .qua,  dana  la  caa  d'una  aaurca  da  tempdrstu- 
ra  da  brillance  T b antourant  entidrement  l'antanna,  au  da  dimension  aupdrievre  4 eon  diagramme  da  rdcep- 
tion  on  a 

Ta  ■ Tb 


Enfin,  on  paut  raliar  l'unitd  radioaatronomique  d'inteneitd,  la  densitd  da  flux  S,  4 l'uni- 
td  habitualla  daa  radiodlectriciena,  l'amplituda  E an  volt  par  mdtre.  Dana  une  banda  da  frequence  da  lar- 
gaur  B noua  aurona  . 

E - (Zo  SB)  ' (5) 

oil  Zo  aat  1' impedance  du  vide  (377  0). 


II  - Lae  bruita  coamiauaa 


1 1-1  liqiu£e_d4s_aau£cea_di4  Jycni^ 

Toua  laa  aatrea  at  lea  gaz  diffua  qui  conatituant  l'Univera  aont  sources  d'una  emissions 
radiodlectrique,  mais  avac  das  intensitds  trde  diffdrentes.  Certains  d'entre-eux,  comma  la  grande  majoritd 
das  dtoiles,  aont  trop  faiblaa  pour  Btra  ddtactda  aur  Terre  avac  las  inatrumanta  dont  noua  diapoaons  actual 
lament.  Par  contra,  certains  autras  donnant  sur  Terra,  un  flux  d'un  ordre  da  grandeur  ilgal  ou  mBma  supd- 
rieur  4 caux  utilises  dana  lea  diffdrentes  techniques  da  radiocommunications. 

Du  point  da  vue  da  laur  nuisance,  an  paut  claasar  las  sources  da  briSate  cotimiquaa  an  troia 
grandee  categories  : 

- Laa  sources  4 distribution  quasi  continue  sur  la  del,  qui  seront  regueti  par  las  antennas  quelle  qua  soit 
laur  direction  da  vises.  Caa  sources  auront  pour  aff.  t d'ajoutar  un  bruit  cnntinu  4 l'entrda  das  rdcapteurs 
at  done  da  diminuer  la  sensibilitd  das  ayatdmes  da  ricepti.'n. 

- Lea  radioaources  da  petitea  dimensions  apperantes  qui  ont  une  dmisaion  ata'jla  dans  le  temps.  Caa  sources 
na  aaront  gdndralement  paa  trop  gBnantea,  aauf  ptnd.'nt  Ira  oourtes  pdriodaa  oil  l'une  d'alle  passe,  par  sui- 
te du  mouvement  diurne,  dana  la  lobe  da  l'antanna  . Fjr  contra,  caa  radioaources  pourront  Btra  tr4s  utile 
pour  la  determination  daa  caraetdriatiquea  daa  antennas  (Guidice  at  Castelli,  1970). 

- Las  sources  variables,  qui  aont  eaaantiellemant  lc<  Voleil,  la  Terra  at  Jupiter.  Caa  sources  aont  axtrB- 
mament  intanaaa  dana  cartaina  domaineo  da  frequences')  ,vv  laur  dmisaion  paut  avoir  pour  effet  da  brouiller 
las  radio  communications  tarrestraa  mains  intenses, dFu  4ventuallement  dtre  confondues  avac  alias. 

11-2  ^ 1 4n\i,Sii^n_dji  Zf&nd  ^u_Cie^"_ 

Cast  une  dmiasion  distribude  4 p.su  pr4a  T^.iformdmant  sur  touta  la  vouta  cdlesta.  En  rdalitd 
elle  a trois  nriginaa  diffdrentea,  laa  dmiaaiona  covreaf  ^idantes  ayant  des  apactraa  diffdranta.  Le  rdsultat 
eat  qua  chacure  d'alle  prddomine  dene  une  gamma  d'ordes  .j*terminde . Dsux  de  cea  dmiaaiona  proviennent  du 
gaz  interstellaire  de  notra  Galaxie,  1' autre  a une  or’. gins  plus  curieuse. 

Le  rayonnement  thermique  de  la  Galaxie 

Un  gaz  ioniad,  da  tampdratura  T rayonne  un  rayonnament  analogue  4 calui  du  corps  noir,  dO  au 
mouvement  daa  electrons  librea  dana  le  champ  des  protona  (emission  free-free).  Cette  emission  eat  dite  ther 
mique,  car  l'dnargie  qui  est  convertie  en  rayonnament  ast  empruntde  4 i'dnergie  d' agitation  thermique  des 
electrons  du  gaz.  Par  consequent,  I'dnergie  dmiae  sera  fonction  de  la  tempdrature  du  gaz.  Il  s'agit  en  rd- 
alitd de  la  queue  dana  le  domains  radiodlectrique  da  la  loi  de  Plank  bien  connue  dans  les  domaines  visible 
at  infrarouge. 


La  tempdrature  de  brillance  sera  fonction  da  la  tempdrature  dlectronique  du  gaz  et  de  son 
dpaisaaur  optique  t 

(6) 
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Tb  - T.  (1  - a"  ) 

d*  (K  dtant  conatanta) 


(7) 


rayon 


Tb  aara  done  tou jours  infdriaure  4 T0.  Autrament  dit,  1' emission  ne  sera  jamais  trda  intense 

En  pratique,  les  gaz  sont  plua  densea  dana  Is  plan  da  notra  galaxie  qua  dana  lea  rdgions  da 
latitude  galactiqua  dlavda.  II  s'enauit  qua  1' emission  na  sera  pas  uniformdmant  distribude  sur  la  sphdre 
cdleate,  mais  sera  plus  intense  au  voisinaga  du  plan  galactiqua,  c 'est-4-dire,  vu  de  la  Terre,  le  long  de 
la  Voie  Lactda,  at  particulidramant  dans  la  direction  du  centre  galactiqua.  La  figure  1 donna  an  example 
la  carta  daa  iaophotss  da  Tb  4 la  frequence  de  400 . 

- Le  rayonnement  non  thermique  qui  osrraspond  4 1' emission  synchrotron  de  la  composante  eiectroniqua  des 
rayons  cosmiquas.  Cette  emission  est  particulidramant  intense  sur  longueur  d'onde  mdtrique  et  decametriqua. 

L'dnargie  ndeessaira  4 ca  rayonnement  est  fournie  par  les  electrons  relativistes  du  rayon- 
nament coamique,  at  n'aat  done  paa  limitda  par  la  formula  (6).  las  temperatures  da  brillance  correspondan- 
tes  peuvant  done  Btra  beau roup  plua  dlevdes.  Ellas  atteignent  1 0 ' K sur  10  MHz, 

L'intansitd  du  champ  magndtique  galactiqua,  et  probablement  la  densitd  daa  rayons  cosmiques 
dtant  plus  grandma  aux  baaaaa  latitudes  galactiquaa,  laa  emissions  seront  comma  pour  la  rayonnement  ther- 


miqua  plus  intanana  au  voiainnga  da  la  Vaia  LnotAn.  ^ ^ 

La  figura  2 donna  la  upactra  da  caa  Amiaaioni,  qui  auit  approximati vnmant  una  lol  da  pula- 
• anea  da  la  forma  Tj,  > f“  °>8.  La  tablaau  ' donna  Agalamnnt  un  cartain  nombra  da  walaura  da  qui  pauvant 
Itra  utiliaAaa  pour  calcular  la  annaibilitA  d'un  nyatkma  da  rAcnption.  11  aat  Avidnnt  qua  la  tnmpArntura 
4 utlllaar  aara  gAnArnlamant  intarmAdiaira  antra  Tm^lt  at  tM)(.  tile  varlnra  aulvnnt  la  direction  da  viaAa, 
c'nat-A-dirn  auivant  l'hnura  pour  una  antanna  fixa,  at  dApandra  daa  dimanaiona  du  loba  d'antanne. 


tableau  I 

EMISSION  CONTINUE  DE  LA  GALAX1E 


FrAquanca  (KHx) 

A 

Tb 

Plan  Cnlnctiqua 

Tb 

rfila  finlnctique 

10 

30  m 

106 

2 x 10^ 

20 

15 

L x 10S 

4 x 1 U4 

50 

6 

9 x I04 

4 x I03 

100 

3 

1 x I04 

6 x 10* 

2011 

1,50 

2 x I03 

1 x 1CJ 

500 

60  cm 

2 x I02 

10 

1 000 

30 

40 

5 

2 00u 

15 

111 

5 

j 000 

6 

F. 

3 

10  000 

3 

3 

.1 

37  000 

8 mm 

3 

.1 

Si  on  axtrnpola  dnna  In  domnina  daa  micraontlna  la  apactra  dna  Aminniona  thermiquna  at  non 
tharmiqui.a  prAcAdantaa,  on  devrnit  obnorvnr  una  ten.pArntura  da  brillnnca  trAa  voiaina  da  lAro.  Ur,  daa 
mauuraa  par* iculluramant  aaignAea  ont  montrA  qua,  dnna  ca  domnina,  la  apactra  ramontnit  vara  laa  hautan 
frAquancaa, 


La  prnta  da  ca  apactra,  at  non  IntnnaitA  corraapond  A calla*  ri'uncorpa  noir  dont  la  tampA- 
ritura  anrnit  dn  3,R*K. 

Oci  n'aot  probnblamant  pna  trAa  important  pour  laa  problAmnn  da  comm  ilcationa,  bian  qu'il 
faille  an  tanir  compta  ai  1'on  veut  faire  daa  dAtarminntiona  trAa  prAcina*  da  la  tnmpAratura  da  tyatkme 
d'un  anaambla  rAcaptaur. 

Du  point  do  vun  Aatraphyalqua  par  contra,  ca  rayonnnmnnt  aat  nxtrAuemant  intAraoaant.  On 
I'intarprAta  A .l'hnura  actualla  comma  d<3  A la  tnmpAratura  rAnidunlln  do  gax  ltargnlactiqua.  A l'origina 
da  l'Univara,  ca  gax  auralt  AtA  trAa  coticanirA,  at  A trAa  haute  tampAralura.  Mala  par  aulte  da  l'axpanaion 
da  l'Univara,  dAuuita  du  phAnumAua  da  rAcaeaiun  daa  galaxiaa,  dapula  environ  HI  mlllinrde  d'annAaa,  la 
tampAratura  aurait  dAcru,  pour  davanir  Ayala,  nctuellomant,  A ,l,!t*K. 

1 1 - .1  la*_  £UtH£B£ur  cr  a_ 

On  regroupa  gAnAralemant  aoua  ca  nom  tout  laa  uhjata  da  putitna  'Hmencloua  apparantaa  qui 
cont  auurca  d'una  Amiaaiun  radio  dAtnctnbla.  Cattr  Amiaainn  a toujour*  un  apactra  trAa  ALnnJu  at,  ai  la 
aanaibilitA  Ura  inatrumanta  aat  auffi«  inte,  on  laa  nbaarva  dapuia  laa  ondo*  mil limAtriquaa  juaqu'xux 
ondaa  laa  plua  lunquaa  dAtactablaa  aur  la  Terra,  antra  .10  at  SO 

En  rAalitA  can  rad  .oaourcaa  corraapondant  A daa  uhjata  trAa  diffAranta  dnna  la  cial  I nungaa 
gnxaux  galnctiquaa,  raatna  da  auparnovna,  gnlnxiaa,  qunanra,  ate  ...  bn  p»ut  capandnnt  clnaaar  laur  apac- 
tra an  dsux  grandaa  cntAgorixa. 

a)  Laa  apactrai  thorn. iquaa  qui  aont  ceux  daa  rndioaoun  an  nyant  un  rnynnnamant  tharmiqua,  aaaantial- 
lamant  cartninaa  Atuilna  at  lea  grnnria  nungaa  dn  gnx  (rAgion  HII)  qui  pnraAmant  la  Gnlnxia.  Caa  rndioanur- 
caa  aont  aurtnut  intanaaa  bit  ondaa  courtaa,  ondaa  mil limAtriquaa  at  cantimAtriqui  a . Laur  danaitA  da  flux 
aat  npproximntivamant  conatnntn  dnna  ca  domnina,  dnna  laqual  In  auurca  aat  uptiquamant  Apniaaa.  I'our  laa 
longuaura  d'unda  plua  grnndaa,  in  auurca  daviant  plua  trnnsparente,  at  par  auite  moina  Amiaaiva,  at  la 
danaitA  do  flux  dAcroit  uomme  l'invarao  du  cnr.-A  dm  frAquanca. 

Cartninaa  rndlonourcaa  t.iarmlquaa  aiml,  aur  mlcroondaa,  pnrml  laa  plua  intanaaa  du  cial. 
citona  pnr  axampla  In  nAbulauaa  d'llrion,  lea  nAhulaunaa  ila  l*  floaatta  at  Omega.  Dnna  cartaina  caa,  on  n 
pu  leu  utlllaar  pour  maaurar  la  dingramme  daa  nntannea  A grnnd  gain  at  Atnlonnar  laa  ayatAmea  da  c Adaption. 
Hnia  aouvant  lauru  dlm-'i,;iona  nppnrantaa  aunt  iron  grnndaa  (I’luaitura  minutaa  d'arc)  pour  ca  falra. 

b)  In  mnJoritA  daa  rndlonourcaa  n capandnnt  un  apactra  non  tharmiqua  qui,  A I'lnvaraa  du  prAcAdant, 
dAcroit  gAnA"nIamant  daa  bnaraa  vara  if*  bnutaa  frAquanca*.  I'»»  aourcaa  Amattant  par  uffat  Synchrotron  i 
ravonnairanl  d'Alactrcn  ra lotivic tau  dnna  un  chnmp  mngnAtiqua. 

Ila  nombraux  nbjata  cuamiquun  fmattant  un  rnynnncma  it  aynchrotrcn.  !'0mma  calui-ti  uAcaacila 
In  p.nauica  d'Alectruna  da  Irka  grnnd#  Ana.  'tn,  un  p..u!  prAvuir  A priuri  quo  can  uhjata  aeront  ii  * tab  la  a, 


□u  bien  poaaideront  una  region  dans  laquella  uno  activity  non  n6gligeable  sera  capable  d'acc61trer  la« 
electrons. 


En  pratique,  on  peut  claaser  lea  radiosourcea  non  uhermiquea  an  troia  categories  i Laa  raa- 
tea  da  aupernovae,  lea  "radiogalaxias"  at  lea  quasars. 


Las  supernovas  aont  das  dtoilea  instablas  qui  exploaent  at  Amattent  pendant  qualquea  semai- 
nes  ou  qualquea  mois  un  rayonnemant  dana  la  visible  extrUmemant  intense  : leur  intenaiti  aprba  1' explosion 
paut  attaindre  10®  h 10  0 foia  l'intensitd  d'una  dtoile  normala. 

Lora  da  cea  explosions  das  electrons  aont  cartainamant  acc616r6s,  at  l'etoila  ejecta  una  enveloppe  gazeuae 
qui  peut  encore  etra  observes,  das  centainas  ou  das  milliera  d'anneaa  apris  l'explosion,  comma  da  fine  fi- 
laments formant  una  enveloppe  quasi  circulate  autourds  l'etoila. 


La  radioaourca  la  plus  intense  du  ciel,  Casaiopea  A,  eat  la  reata  d'una  supernova  axploaea 
en  1750.  D'autres  examples  aont  donneas  dans  la  tableau  2. 

Lea  radiogalaxias  aont  das  nebulausas  axtragalactiques  (galaxies)  : ensembles  da  milliards 
d'etoilas  diatribueas  plus  ou  moins  r6guliirament  (galaxies  spiralas,  elliptiquaa,  ou  irriguliArea) . La 
majorite  das  galaxies  ont  un  rayonnemant  radio  peu  intense  maia  certsinea,  las  radiogalaxias  aont  das 
emettaurs  trfes  puissants.  II  eat  tria  probable  qua  cette  emission  eat  la  cc  s6quenco  d'axploaiona  r6p6tees 
dans  las  regions  centrales  da  la  galaxis,  explosions  qui  provoqueraient  1' acceleration  d'una  trfes  grande 
quantite  d'dlectrons.  La  radioaourca  du  Cygne  qui  fut  la  premiere  a Itre  detactea  eat  la  maillaur  example 
da  radiogalaxie.  Sa  structure,  comma  calls  da  la  plupart  das  radiogalaxias,  est  complexa,  l'Amission  pro- 
venant  da  deux  ou  plusieurs  sources  eioigneas,  situ6s3  da  port  at  d' autre  da  la  galaxis  visible. 

Las  quasars  aont  das  cas  particuliers  des  radiogalaxias  qui  ont  antra  autre,  una  emission 
aptique  beaucoup  plus  intense  qua  las  galaxies  normalas.  Ceci  permet  da  las  detactar  dana  la  domains  visi- 
ble A des  distances  beaucoup  plus  grandes  ; d'ou  l'intdrSt  des  quasars  pour  l'etuda  da  Involution  da 
l'Univers.  Vu  leur  eioignement,  las  quasars  sont  generalamnnt  das  raaiosources  da  tris  petitas  dimenaions 
apparentes.  La  technique  da  1 ' interferometric  intarcontinantala  a parmi  da  montrar  qua  certains  d'sntre- 
eux  avaient  des  dimenaions  angulaires  inferiauras  au  milliime  da  seconds  d'arc. 

Lbs  radiosourcea  non  thermiques  ont  en  general  des  emissions  radio  conatantea  dans  le  temps 
dans  le  domains  des  ondes  decim6triquss  at  metriquas.  Una  des  seules  exceptions  est  Casaiopea  A,  la  plus 
intense  du  ciel.  C'est,  comma  nous  l'avona  dit,  la  rests  d'una  supernova  axploaea  il  y a moins  da  25D  ans. 
Son  enveloppe  ast  done  encore  en  expansion  rapids,  at  il  s'ensuit  una  diminution  lente  da  l'intanaite  da 
son  emiusion  radio,  da  l'ordre  da  1 % par  an. 

t'ar  contra,  on  decouvart  depuia  qualquea  anodes  qu'un  grand  nombre  da  radiosources,  quasars 
pour  la  plupart,  avaient  une  intensitd  variable  en  ondea  cantimetriquaa . Caa  variations  sont  generalamant 
irr6guli6res  at  correspondent  probablement  A des  explosions  localiseas  dans  la  source. 

Le  spectre  des  quatre  radiosourcea  lea  plus  intenses  est  donne  sur  la  figure  3. 


TABLEAU  2 

POSITIONS  DE  QUELQUES  RADI0SDURCE5 


Objet 

Nature 

Ascension 

droite 

Ddclinaison 

h 

m 

a 

0 

I 

M 31 

Gaiaxie  normals 

0 

40 

0 

+ 

40 

0 

S.N.  Tycho-Brahe  ..... 

Supernova 

1 

22 

20 

+ 

63 

52 

3 C 47 

Quasar 

1 

33 

40 

+ 

20 

42 

3 C 48 

Quasar 

1 

34 

49 

+ 

32 

53 

M 77 

Gaiaxie  Seyfsrt 

2 

40 

12 

- 

0 

13 

Perseus  A.  NGC 

Radiogalaxie 

3 

16 

27 

+ 

41 

21 

CTA  21  

Quasar 

3 

16 

22 

+ 

16 

19 

Fornax  NGC  1316 

Radiogalaxie 

3 

20 

25 

- 

37 

22 

Auriga  A 

Supernova 

4 

57 

+ 

46 

30 

Taurus  A (NAbuleuaa  du 

Crabs)  ........ 

Supernova 

5 

31 

30 

21 

58 

Orion  A (M  42)  

Region  H II 

5 

32 

48 

- 

5 

27 

3 C 147 

Quasar 

5 

38 

43 

+ 

49 

50 

IC  443  

Supernova 

6 

14 

36 

+ 

22 

4 J 

Nebulausa  Roaetto  .... 

Region  H II 

6 

29 

18 

+ 

4 

57 

Puppic  A 

Supernova 

8 

20 

18 

“ 

42 

48 

Hydra  A 

Radiogalaxie 

9 

15 

43 

- 

11 

52 

n 82 . . .. 

3 C 273  

Virgo  A • • 

Centaurs  A.  NGC  SI 28  . •• 

H 101  . . 

3 C 295  

Hercule  A 

S N Kepler  . 

5agittai.ro  A 

NAbuieuse  Omega  . . . . . 

Cygnua  A 

Boucha  du  Cygne  . . . . , 

C T A 102  

CaasiopAe  A 


Radiogalaxie 

9 

51 

28 

Quasar 

12 

26 

33 

Rediogalaxia 

1 2 

28 

18 

Radiogalaxie 

13 

22 

28 

Gelaxie  normale 

14 

1 

24 

Radiogalaxie 

14 

9 

34 

Radiogalaxie 

*6 

48 

43 

Supernova 

17 

27 

43 

Centre  Galactique 

17 

42 

30 

RAgion  H II 

18 

17 

48 

Radiogalaxie 

19 

57 

45 

Supernova 

20 

49 

30 

Quasar 

22 

29 

53 

Supernova 

23 

21 

11 

+ 54  36 

+ 52  26 

+ 5 6 

- 21  26 

- 28  55 

-16  9 

+ 40  36 

+ 29  50 

+ 11  28 

+ 58  33 


Citons  pour  terminer  una  claaae  taut  A fait  parciculiAre  da  radioeourcea,  lea  Pulsars . bien 
qua  ceux-ci  puiaaent  difficilament  constituer  una  g&ne  pour  lea  radiocommunicstione  terrestre.  Meis  laur 
prAsence  dans  le  champ  de  visAe  d'una  antenna  pourrait  intriguer  certains. 

En  rAalitA,  on  ne  peut  plus  gu&re  parlo.  i'un  "bruit"  caamiqua.  II  a'agit  au  contraire  d’una 
Amission  trAa  organisAa  et  A spectre  Atrait  qui  se  p'^sente  comme  un  train  d'impulsions  trAs  brAves  (quel- 
quea  millisecondes)  parfnitemant  pAriadique.  Les  pAriodes  ab3ervAes  s'Atagent  antra  0,03  sec  et  4 aecondee 
suivant  les  pulsars  (Tableau  3). 

Cea  impulsions  dArivent  rapidament  en  frAquances  das  hautea  vers  les  baasea  frAquencea  ; 
mais  ceci  n'est  pas  dO  A i'  Amission  du  pulsar  lui-mtme.  Cast  un  effat  de  la  propagation  das  ondes  dans  le 
gar  ionisA  interstellaire.  Ce  gar  n'eat  pas  un  vide  parfait,  et  il  a done  un  indice  de  rAfraction  diffArent 
de  1'unitA  et,  qui  plus  eat,  qui  dApend  de  la  frAquence.  Line  impulsion,  Amise  aimultanAment  sur  toutes  les 
frAquencea  par  la  pulsar  mettra  plus  de  temps  A nous  parvenir  sur  basses  frAquences  qua  sur  haute  frAquen- 
cea, C'est  l'origine  de  la  dAriva  en  frAquenua  daa  Amissions  das  pulsars.  Cette  dAriva  dApend  de  la  quanti- 
tA  totale  da  gar  traveraA  : 

Jarre 
I Nc  ds 

Pulssr 

at  aa  mesure  permot  de  dAtorminar  la  densitA  du  gar  interstellaire. 

Le  spectre  dea  pulsars  dAcroit  vers  les  hautee  frAquences  et  lour  dAtection  eat  la  plus  faci 
le  dene  la  gamme  dee  ondes  mAtriquas.  Le  tableau  3 donne  la  position  et  la  pAriode  das  pulsars  lss  plus  in- 

tenses. 

TABLEAU  3 

PERI0DE  ET  P0SITIUN  UE  QUELQUl5  PUL5AR5 


Pulsar 

“(1950,0) 

*(1950,0) 

PAriode 

(saconde) 

CP  0328  

3m  28h  52® 

O 1 

+ 54  23 

0,714  51  8 563 

CP  0527  

5 25  45 

+ 22  0 

3,745  391 

CP  0532  

5 31  26 

+ 22  1 

0,033  091  '2 

CP  0808  

8 0 50 

+ 74  4 2 

1,292  241  26 

CP  0834  

B 34  22 

+ 6 7 

1,273  764  2 

CP  0950  

9 50  29 

+ 8 11 

0,253  065  038 

CP  1133  

11  33  36 

+ 16  a 

1,187  91  1 019 

HP  1506  

15  7 50 

+ 55  41 

0,739  677  626 

CP  1919  

19  19  37 

+ 21  47 

1,337  301  133 

PSR  2045  

20  45  48 

- 16  28 

1 ,961  663  3 
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La  lune  et  lea  planAtas,  corps  solidee  chauffAa  par  le  rayonnement  du  solail,  Amettent  un 
rayonnemsnt  rsdio  qui  eat  fonction  de  laur  tempArature  superficielle.  Cette  Amission  est  surtout  intense  an 
microondes  oC>  la  planAte  Jupiter  et  la  lune  sont  parmi  lee  astrea  les  plus  brillanta  du  ciel. 

En  ondes  dAcimAtriquee  ' centimAtriquae  la  lune  a une  tempArature  de  brillance  uniforme  de 
250*K  , tandis  qua  sur  ondes  millimAtriques  apparaisaent  das  diffArences  de  tempArature  entre  les  mere  lu- 
nsiree  et  le  reste  de  la  surface.  II  faut  en  tenir  compte  quand  on  utilise  la  lune  pour  Atalonner  les  an- 
tennas A grand  gain  dene  cette  gamma  de  longueurs  d'onda. 


La  density  da  flux  das  plandtes  ddpendra  dvidemment  d a leur  temperature  superficielle,  qui 
eat  fanction  de  leur  distance  au  aoleil,  at  da  leur  diamdtre  apparent,  qui  eat  variable  au  coure  da  l'an- 
nda  • Le  tableau  4 donnes  las  tempdratures  de  brillance  mesurdea. 

tableau  4 

TEMPERATURE  DE  BRILLANCE  DES  PLANETES 


Jupiter  eat  une  plandte  particuli«rement  intdressante  an  radioastrcnomie.  En  plus  de  l'dmis- 
3ion  thermique  pidcddento,  elle  rayonne  par  deux  mdcanismos  nan  thermiques  : 

En  ondes  dfscimdtriques,  un  rayonnement  synchrotron  par  des  electrons  relativiBtBs  pidgds  dans 
le  champ  magndtique  de  la  plandte  pour  farmer  des  "zones  de  Van  Allen"  analogues  d cellos  qui  existent  au- 
tour  de  la  Terra*  Ce  rayonnement  correspond  d une  densitd  de  flux  sensiblement  constants  des  ondes  centi- 
mdtriques  aux  ondes  mdtriquea,  dgal  d 4 10”^®  W.  m-^  Hz-1  (rapportde  d une  distance  de  4,D4  unitda  astro- 
nomiques).  Ceci  n'eat  certainement  pas  suffisant  pour  gSner  les  communications  ter.jstres. 


Par  contre  sur  ondes  decamstriques,  plus  prdcisdment  sur  les  frequences  infdrieures  d 40  MHz, 
Jupiter  eat  source  d'une  dmission  axtrSmement  puieaante,  pouvant  surpasser  celle  du  soleil  et  atteindre 
10”^®  W,  m“^  Hz  , Elle  peut  alors  Itre  ddtectdes  avec  un  simplB  dipOle.  II  s'agit  d'une  dmission  trds 
irrdgulidre  dont  l'origine  eat  encore  mal (emprise.  Elle  se  prdsente  sous  forme  d'orages  formds  de  sursauts 
trds  brefc  (de  quelquee  millisecondes  d plusieurs  secondes)  de  structure  trde  complexe,  et  pouvant  durer 
quelquea  dizaines  de  minutes  d piuaieurs  heures. 

Cette  dmission  provient  de  trois  sources  locslisdes  sur  la  surface  de  la  plandte.  Lea  dmis- 
sions  ssront  done  rdcurrontes,  avec  la  pdriode  de  rotation  de  la  plandte  qui  eat  de  9h55m2gs.  MaiS  cos 
sources  ne  sont  pas  actives  en  permanence.  II  faut  en  plus  que  l'un  des  satellites  de  la  plandte,  Io,  soit 
dans  une  position  favorable  da  eon  orbits  pour  qu'une  dmission  soit  observde.  On  peut  ainsi,  en  combinant 
le  mouvement  de  la  plandte  et  celui  de  Io  prdvoir  dans  une  certains  mesurc  les  dmiseio.is  ddcamdtriques  de 
Jupiter. 


La  figure  4 donna  un  example  d'orage  Jovian  obaervd  sur  deux  frdquences  diffdrentes. 

Signalons  pour  8tre  complet  qu'un  rayonnement  semblable  d celui  de  Jupiter  a dtd  trds  rdeem- 
ment  ddcouvort  en  provenance  de  la  Terre. 

Ce  rayonnement,  dgalement  sous  forme  d'orages,  est  particulidrement  intense  au  dessus  des 
zones  des  aurores  polaires.  Mais  il  n'existe  que  sur  trds  basses  frdquences,  infdrieures  d quelquea  mdga- 
hertz.  II  s'ensuit  qu'il  ne  peut  8tre  ddteetd  au  niveau  du  sol,  d cause  du  blindage  dQ  d l'ionosphdre. 

Par  contre  il  constitue  une  source  extrlmement  intense  pour  les  satellites  artificials  et  les  sondes  spa- 
tiales  qui  ont  des  rdeepteurs  dans  cette  gamme  de  frdquences. 

II  - 5 ,Le_Sjileil 

Comma  dans  le  domq'ne  visible,  le  soleil  est  la  radiosource  la  plus  intense  du  ciel.  C'est 
unu  source  complexe,  qui  dmet  plusieurs  types  de  rayonnement  de  caraetdristiques  trds  diffdrentes.  Certains 
sont  stables  dans  le  temps  ou  trds  lentement  variables.  D'autres,  qui  peuvent  atteindre  dee  intensitds 
bien  plus  considdrables,  sont  sporadiques,  et  correspondent  d des  phdnomdnes  d'activitd  ps'  dre  sur  le 


\ 

? eolail.  I1b  durent  d'une  fraction  de  aeconde  4 pluaieurs  heuras,  suivent  laa  cas,  at  ont  g6nAralement  das 

l apactres  trAa  complexes,  sou vent  4 bands  dtroite. 

s Cea  Amissions  sporadiq’jes  aont  dSaigniaa  aoua  la  nom  de  auraauta  aolairea.  Ca  aont  les  eur- 

i aauts  qui  dana  certains  cas  peuvent  perturber  laa  instruments  terrsntres.  Las  inteneitAs  correspondantea 

aont  donnieB  aur  la  figure  5. 

L'atmoBph4ra  solaire  aat  formAe  d'un  gaz  ionisA  (plasma)  at  poas4de  done  la  propriAte  da  ne 
pouvoir  propager  toutes  las  ondes  radio,  Saules  peuvant  ae  propager  lea  ondea  da  frequences  supArieui'eo  4 
la  "frequence  critique"  du  plasma  au  point  considers,  frequence  qui  ne  depend  que  de  la  dansite  Jlectroni- 
que  : 

f •>  9 ITn'  (SyetAme  MK3) 

La  dansite  eiectronique  Ne  decroissant  svec  l'altitude  dans  1' atmoBphAre  solaire,  4 cheque 
frequence  correspondra  una  altitude  (altitude  critique)  au  deasous  de  laquelle  l'onde  ne  pourra  ae  propager, 
Autrement  dit,  cette  onde  ne  pourra  parvenir  4 la  Terra  qua  ni  elle  est  emise  4 une  altitude  supArieure  4 
l'altitude  critique,  qui  sara  d'autant  plus  AlevAe  que  la  frequence  de  l'onde  sera  plus  besse. 

Pour  lea  ondes  millimetriquas  et  centimetriquea  lea  altitudes  critiques  aont  de  l'ordre  de 

I ,000  4 20.000  km  (c1 eet-A-dire  dans  la  photosphere  et  la  chromosphere),  pour  les  ondea  decimetriques  dans 
la  baase  couronne  ; ensuite  l'altitude  deviant  de  plus  en  plus  AlevAe  quand  la  frequence  decroit,  attei- 
gnant  par  example  1,5  millions  de  kilometres  (2  Rayons  solaires)  sur  25  HHz.  Les  ondes  encore  plus  longues, 
qui  ne  peuvent  d'ailleurs  paa  atteindre  la  surface  de  la  Terre  par  suite  du  blindage  dO  4 l'ionosph4re,  sont 
emises  dans  le  milieu  interplanAtaire , Par  example  pr4s  de  l'orbite  terrestre,  la  denaite  eiectronique  est 
d' environ  10  el/cm3,  soit  une  frequence  critique  de  30  KHz. 

II  - 5 - 1 Emission  thermiqua  du  "soleil  calms" 

L' atmosphere  solaire  est  un  gaz  chaud  et  va  done  Amettre  un  rayonnement  thermique  dont  l'in- 
tensite  est  fonction  de  sa  temperature  d'une  part,  at  de  son  epaisssur  optique  d'autre  part,  cette  derni4re 
etant  ella-m8me  fonction  de  la  temperature  et  de  la  dansite  eiectronique. 

Pour  les  ondes  inferieures  4 1 m environ,  on  peut  considArer  que  l'epaisseur  optique  est 
eleven.  La  temperature  de  brillance  crolt  done  de  6 0Q0°K  aux  ondes  millimetriques  (temperature  de  la  cou- 
ronne). Simultanement  le  diamAtre  apparent  du  soleil  augmente,  puisque  les  regions  emiasives  sont  4 des  al- 
titudes croissantea. 

Pour  les  ondes  plus  longues,  la  couronne  deviant  transparente  et  la  temperature  de  brillance 
ainei  que  l'intensite  Amise  decroit.  En  dessoua  de  80  MHz,  il  faut  utiliBer  des  antennos  de  trAs  grand  gain 
pour  ditecter  1' Amission  du  soleil  calme. 

Le  tableau  5 danne  les  valeurs  des  densitAs  da  flux  du  soleil  calme  pour  diveraes  longueurs 

d ' onde. 

II  - 5 - 2 ComposantB  lentement  variable 

Sur  ondes  centimetriquea  at  decimetriques  il  s'ajouta  4 1' Amission  precedents  celles  de  re- 
gions localisAea  dans  la  couronne  au  la  dansite  at  la  temperature  sont  plus  SlevAes  qu'en  moyenna.  Cas 
"condensations  coronales"  sont  gAnAralement  situAes  au  dessus  dap  centres  d'activitA  visibles  (tachas  so- 
laires, facules,  etc  ...)  at  ont  une  durAs  da  vie  de  quelques  mois. 

Par  suite  do  la  rotation  du  soleil  sur  lui-m6me  en  27  jours,  ce  rayonnement  formers  une  com- 
posante  lentement  variable  du  rayonnement  solaire,  dsns  laquelle  on  retrouve  une  quasi  pAriode  de  27  jours. 

A l'aide  d'un  instrument  dont  le  pouvoir  sAporateur  est  de  quelquBS  minutes  d'arc  au  plus,  il  est  facile  de 
localiser  cea  Amissions  4 la  surface  du  soleil  . 

L'intansitA  de  la  composante  lentement  variable  depend  de  Is  frequence.  Elle  peut  atteindre 
243  fois  calle  du  soleil  calme  (Tableau  5). 


TABLEAU  5 


INTENSITE  DE  L'EMISSION  RADIO  DU  SOLEIL 
(Soleil  calme  + condensations) 


X 

(cm) 


f 

(MHz) 


7b 

(*K) 


Maximum 


Minimum 


JiL 


S x ,022 

-2 


Maxi.num 


Minimum 


0,33 

0,4 

0,8 

3 

10 


91  000 
75  000 
37  500 
10  000 
3 000 


17,5  x 
80  x 


6.4 

7.5 
8,0 
1 03 
103 


103 

ID3 

103 

15 

40 


1 100 
880 
235 


10J 

103 


32 

13 


27 

6,5 


..  / ... 


(Tableau  5 - suite) 


II  - 5 - 3 Lea  sursauts  solaires 

Plusieurs  types  d'Amissiore  accompagnsnt  gAnAralement  lee  phAnomAnes  aporadiques  visibles  & 
la  surface  du  soleil,  en  particulier  les  Aruptions  chromosphAriquas.  Ce  sont  les,  Amissions  les  plus  inten- 
ses qui  parviennent  A la  Terrs. 

Suivant  leur  spectre  dynsmique  (leur  spectre  et  ses  vaT,'~  + iona  dans  Is  temps)  on  en  a dis- 
tinguA  plusieurs  types  diffArents,  dont  les  plus  frAquents  aont  lea  Su.uauta  de  type  I,  II,  III  et  IV. 

- Type  I : Ce  sont  des  Amissions  trAs  brAves  (quelquea  dixiAmss  de  seconds)  et  de  faible  largeur  de  bands 
(quelques  megahertz)  qui  se  suoerposent  A une  Amission  cuntinue  pour  former  les  "Qrages  de  bruit".  Ces  orages 
peuvent  8tre  trAs  ,'ntenses4  et  sont  les  Amissions  les  plus  frAqusmmeht  observAes  sur  le  soleil.  Ils  accom- 
pagnent le  passage  des  centres  actifs  visibles  les  plus  importants,  at  peuvent  durer  plusieurs  jours  de 
suite. 

- Type  II  : Ce  sont  des  Amissions  relativsmant  rares  observAes  au  dAbut  des  grandaa  Aruptions  chromosphA- 
riques.  Ils  sont  connus  Agalement  sous  le  nom  de  sursauts  A dArive  lsnte,  l'Amission  apparaissant  d'abord 
sur  les  frAquences  AlevAes,  et  dArivant  lentement  vers  les  frAquences  plus  basses.  Leur  durAe  eat  de  l'ordre 
d'une  dizaine  de  minutes. 

- Type  III  : Ce  sont  des  sursauts  trAs  brefs  (infArieurs  A 1 s)  qui  dArivent  Agalement  des  hautes  vers  les 
basses  frAquences  mais  beaucoup  plus  rapidement  ! 10  A 20  MHz/s.  Les  types  III  sont  des  Amissions  trAs  frA- 
quentes,  apparaissant  soit  au  moment  des  Aruptions  chromosphAriques, soit,  en  ondes  dAcamAtriques  seulementi 
sous  forme  d' orages  pouvant  durer  plusieurs  jours. 

Les  sursauts  de  type  II  et  ICI  sont  dus  A des  oscillations  du  plasma  coronal,  excitAeB  par 
une  perturbation  qui  monte  dans  la  couronne,  pour  les  premiers  une  onde  de  choc,  pour  les  seconds,  un  jet 
de  particules.  Ils  sont  surtout  intenses  en  ondes  mAtriques  et  dAcamAtriques,  mais  il  faut  noter  que  les 
types  III  sont  Agalement  observAs  A des  frAquences  beaucoup  plus  basses.  A l'aide  de  satellites  artificiels 
on  a pu  en  dAtecter  jusqu'A  30  KHz.  Ils  correspondent  sur  cette  frequence  A 1'arrivAe  du  jet  d'Alectrons  au 
voisinage  de  l'orbite  terrestre. 

Les  sursauts  de  type  IV  s'observent  par  centre  dans  une  gamme  bBaucoup  plus  large,  A partir 
des  ondes  millimAtriques . Ce  sont  les  Amissions  solaires  les  plus  intenses,  mais  ns  sont  observAes  qu'au 
moment  des  Aruptions  les  plus  importantes.  Quand  le  soleil  sst  trAs  actif  on  peut  en  recevoir  une  moyanne 
de  un  par  jour. 


Le  surBaut  de  type  IV  est  una  Amission  complexe  qui  correspond  certainement  A plusieurs  mAca- 
nismes  d'Amission  ! effet  synchrotron  d'Alectrons  relativistes,  oscillations  du  plasma  et  effet  Cerenkov. 

La  source  de  l'Amission  sat  soit  fixe  dans  le  basss  couronne,  soit  AjectAe  par  l'Aruption  s on  peut  alors  la 
suivre  jusqu'A  plusieurs  millions  de  kilomAtres  de  la  surface  solaire. 

II  - 5 - 4 PrAvision  de  1'activitA  solaire 

Un  problAme  important  qui  se  pose  A propos  du  rayonnemsnt  solaire  est  celui  de  sa  prAvision, 
non  seulement  pareeque  celui  ci  peut  8tre  dirsetement  nuisible  pour  les  communications  terrestres,  mais  sur- 
tout parce  qu'il  accompagne  d'autres  Amissions  solaires,  en  particulier  rayons  X,  ultraviolets  et  particules 
qui  vont  venir  perturber  1'ionosphAre  terrestre  et  par  suite  la  propagation  des  ondes  radio  utilisAes  pour 
lea  communications. 

Depuis  quelques  annAss,  la  prAvision  de  1'activitA  solaire  a fait  de  grands  progrAs.  II  exists 
dans  la  monde  plusieurs  centres  de  prAvisions  qui  utilisent  les  observations  optiques,  rayons  X,  radio,  etc  .. 
faitea  A partir  du  sol  ou  de  satellites  artificiels  pour  prAvoir  l'apparition  des  Aruptions  importantes.  Mais 
il  ne  s'agit  1A  que  de  donner  une  probabilitA  pour  ces  AruptionB.  L'origine  mAme  de  1'activitA  solaire  n'A- 
tant  pas  encore  comprise,  il  n'sst  pas  possible  pour  1'inBtant  do  prAvoir  avec  prAcision  l'heure  et  la  posi- 
tion sur  Is  soleil  de  cette  activitA. 


Ill  - Conclusion 

En  rAsumA,  on  peut  dire  que  les  bruits  cosmiques  peuvent  constituer  une  nuisance  pour  les 
communications  terrestres,  mais  que  celle-ci  dApend  beaucoup  de  la  ssnaibilitA  des  instruments,  et  du  type 
do  signel  transmis . 

Sur  ondes  longues,  e'est  d'abord  le  fond  galactique  qui  limitera  la  sensibilitA  des  systimes 
de  rAception,  en  ajoutant  sur  l'antenne  un  niveau  de  bruit  continu  et  A trAs  large  bande,  ginArslement  su- 
pArieur  au  bruit  des  rAcepteurs  eux-mimes.  En  particulier,  le  problAme  des  rAcspteurs  A trAs  faible  bruit  t 
masers,  paramAtriques,  etc  ...  ne  se  pose  pas  dans  cette  gamme  d'onde. 


Sur  onde«  longuaa  egalamant,  la  aoleil  at  parfoia  Jupiter  pauvent  itre  source  d' emissions 
aporadiquaa  extrimement  intanaea  qui  peuvent  brouillar  certainea  liaiaona  radio  pendant  quelquaa  minutea 
h quelquaa  heuraa. 

Sur  ondaa  courtes,  centimdtriquas  at  millimetri.quua , il  eat  peu  probable  que  la  bruits  coami- 
quaa  puiaaent  glner  baaucoup  lea  radiocommunicatio'-'  terreatrea  bien  qu'ilfcilla  parfoia  en  tenir  compta 
pour  la  determination  da  la  aenaibilite  daa  system:  - da  recaption. 

Par  contra,  dana  lea  daux  gammas  da  frequence,  lea  radioaourcaa  aaront  particuliSranent 
utilea  pour  la  determination  daa  diagrammea  da  rayonnament  at  l'Atalonnaga  daa  antennae  e trie  grand  gain. 
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DISCUSSION 

E.  J.  FREMOUW : 1)  What  is  the  mechanism  by  which  the  Jovian  decametric  radio  bursts 

vary  in  frequency?  2)  On  what  antenna  was  the  observation  of  the  moving  bolar-flare 
plasma  made? 

M.  A.  BOISCHOT:  1)  The  burst  mechanism  is  not  well  known.  It  is  believed  to  involve 

electrons  moving  along  magnetic  field  lines,  producing  a plasma  instability.  2)  An 
18-MHc  ring  array  in  Australia. 

P.  HALLEY : The  satellite  "10"  (Jupiter's  natural  moon  Iovienne)  seems  to  cause  electro- 

magnetic emissions  from  Jupiter.  Could  this  celestial  body,  for  example,  have  ferro- 
magnetic characteristics  which  would  explain  its  action  (this  phenomenon)? 

M.  A.  BOISCHOT:  This  is  very  probable.  10  has  an  ionosphere  (discovered  by  Pioneer  10) , 

and  is  therefore  partly  conducting.  One  thinks  that,  by  cutting  Jupiter's  magnetic 
lines  of  force,  it  frees  a part  of  the  electrons  which  are  trapped  there.  These  elec- 
trons will  fall  into  the  Iovian  ionosphere  and  will  create  plasma  instabilities,  which 
are  sources  of  radio  emissions. 

P.  HALLEY:  You  have  mentioned  radioelectrical  emissions  . am  the  earth,  connected  to 

the  aurora  and  observed  by  satellites.  Professor  Harang  of  Norway  observed  from  ground 
stations  radio  emissions  of  the  aurora.  Do  you  know  whether  these  two  emissions  are 
connected  and  whether  they  concern  the  same  auroral  phenomenon? 

M.  A.  BOISCHOT:  The  two  phenomena  are  certainly  connected.  Earth  emissions  in  the 

kilometer -wave  range  are  perfectly  correlated  with  the  presence  of  great  auroral  arcs, 
but  the  kilometer  waves  are  observed  above  the  ionosphere  while  the  waves  observed  by 
Harang  originate  in  the  auroral  arcs  themselves.  The  sources  are  therefore  probably 
different. 

J.  AARONS:  Solar  noise  lasting  for  many  minutes  to  hours  can  affect  systems  and  appear 

as  jamming.  Briefing  of  personnel  on  solar-burst  characteristics  is  therefore  of 
importance. 

I would  like  to  point  out  that  solar  emission  (the  slowly  varying  component)  is 
measured  from  245MHz  to  35  GHz  routinely  by  the  USAF  and  is  reported  through  NOAA. 

These  values  allow  solar  noise  to  be  used  positively,  i.e.,  to  be  used  to  calibrate 
antenna  and  receiving  systems  routinely  by  measurements  of  5-10%  accuracy. 

M.  A.  BOISCHOT:  This  is  true. 
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Thia  paper  reviews  thermal  am'  laion  from  tthe  natural  environment  within  the  microwave,  far  infra- 
red and  medium  Infra-red  band*  of  the  ^E-M  apectnji  down  to  a wavelength  of  about  where  reflection  of 
solar  rel  ation  begin*  to  predominate.  In  recant  year*  touch  information  haa  been  acquired  in  this  portion 
of  Che  apectrum  aa  a raault  of  remote-aenalng  program**  ualng  aircraft  and  aatelllte  platforms  and  ground- 
baaed  radiometer*.  In  thl*  review,  the  emphasis  is  primarily  on  the  fundamental  aspects  of  the  emissive 
properties  of  the  atmosphere  and  various  surfaces  and  the  relationship  of  this  thermal  emission  to  the 
thermal,  absorptive  and  scattering  properties  of  the  atmosphere  in  slant  path  propagation.  A nomogram 
technique  for  determining  the  noise  signal  at  a point  in  the  atmosphere  is  considered  and  a bibliography 
of  recent  work  on  thermal  emission  is  included. 

1.  INTRODUCTION 

9 

Thermal  emission  and  radiation  reflected  at  the  Earth's  surface  over  the  frequency  range  10  to 
lO1^  Hs  (1  GHs  to  100  THx)  corresponding  to  the  wavelength  range  30  cm  to  3 micron  (p)  are  considered  in 
this  paper.  Figure  1 gives  the  relationships  between  frequency  and  the  various  wavelength  scales  used. 
Apart  from  military  applications,  this  portion  of  the  E-M  spectrum  has  been  the  subject  of  much  attention 
recently  as  a result  of  the  passive  and  active  remote  sensing  programmes  of  the  U.S.A.,  U.S.S.R.  and  ESRO 
involving  theoretical  studies,  reviews  and  experimental  measurements  with  ground-based  and  airborne  radio- 
meters and  from  satellites  (e.g.  Explorer  VII  and  the  TIROS,  ESSA,  NIMBUS  and  COSMOS  series).  Most  of  the 
satellites  have  carried  infra-red  equipment  for  studies  of  the  weather  and  atmosphere,  and  some  of  the 
later  NIMBUS  satellites  have  microwave  radiometers  notably  at  frequencies  of  about  19,  22,  31,  37  and 
53-56  GHs.  The  Earth  Resource  Technology  Satellite  ERTS1  is  concerned  only  with  measurements  in  the 
visible  and  near  infra-red  bands. 

In  this  short  contribution,  it  will  be  possible  to  give  only  a very  general  review.  However  much 
additional  information  can  be  obtained  from  the  bibliographies  given  by  Shifrin  (1969);  Kondrat'yev  et  al. 
(1971);  Adey  (1972);  Derr  (1972)  and  other  papers  from  the  Conference  of  reference  13. 

The  magnitude  of  the  thermally-emitted  noise  or  interference  signal  received  by  a downward-pointing 
airborne  aerial  depends  particularly  upon  the  frequency,  altitude,  nadir  angle,  prevailing  atmospheric 
conditions  and  upon  the  nature  and  temperature  of  the.  underlying  terrain.  This  review  considers  these 
aspects  with  reference  to  the  atmosphere  and  terrain  separately  and  also  in  a combined  situation. 

2.  GENERAL  PRINCIPLES 

2.1.  Black-Body  Radiation  Laws  and  Definition  of  Radiometric  Quantities 

The  starting  point  for  any  discussion  on  land,  sea  and  atmospheric  thermal  emission  nust  inevitably 
be  a reference  to  Planck's  equation  for  black-body  radiation,  either  in  its  full  form  or  as  a derivative. 

A confused  situation  in  the  scientific  literature  exists  concerning  the  application  of  Planck's  equation 
to  radiometric  probing,  and  is  further  complicated  by  the  fact  that  there  is  no  internationally  agreed 
system  of  radiometric  units. 

In  this  paper  the  definition  of  radiometric  quantities,  but  not  the  symbols  used  to  denote  them, 
confirms  with  those  given  by  Bell  (1959),  except  that  radiance  refers  to  unit  projected  area  of  the  source, 
l.e.  unit  are*  normal  to  the  direction  of  the  emission.  This  definition  of  radiance  gives  a useful  measure 
of  the  radiant  emission  from  rough  surfaces  and  from  the  atmosphere.  Also,  for  surfaces  obeying  Lambert's 
law,  which  states  that  the  emission  in  a direction  at  an  angle  8 to  the  normal  of  an  emitting  surface 
element  is  proportional  to  cos  8,  the  radiance  is  constant,  independent  of  direction.  The  unit  of  length 

used  here  for  quantities  other  than  wavelength  is  the  metre  (m)  rather  than  the  centimetre.  An  additional 

quantity  not  defined  by  Bell  is  brightness.  The  brightness  of  a source  or  surface  element  observed  from 
some  remote  place  is  the  power  (flux)  received  per  unit  projected  area  at  the  receiver  per  unit  solid  angle 

subtended  by  the  source.  Hence  the  brightness  B and  the  radiance  N of  a source  are  numerically  equal  and 

B w N , where  the  suffix  A indicates  that  the  quantities  refer  to  unit  wavelength  interval. 

A A 

The  basic  equations  for  black-body  radiation  are  sunmarised  below. 


= 8"ch 

X X5(ehcMkT  - 1) 

(Planck's  equation) 

(1) 

U^dA  = - U^dv  , di»  >*  - 

cdA/A2 

(2) 

ba  = cV4 

(3) 

For  surfaces  which  obey  Lambert's  law  the  spectral  emlttance  E^  into  a hemisphere  can  also  be 

expressed  as  a function  of  the  spectral  radiance  N , Thus 
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(4) 


EA  - ™A 

, c Is  the  velocity  of  light 
h la  Planck's  constant  (6.624  x 10*^^  Joule. sec) 
k is  Boltsnann's  constant  (1.38  x 10*“  Joule. °K**) 

A is  the  wavelength,  expressed  here  in  micron  (m) 
v is  the  frequency  in  Hs 

T is  the  temperature  in  °K,  and  other  terms  are  as  defined  in  Table  1. 

For  long  wavelengths,  the  Rayleigh- Jeans  approximation  AkT  »hc  applies  and  hence 
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Table  1 summarises  some  of  the  forms  of  Planck's  law  and  associated  constants  useful  in  thermal 
emission  work,  and  Figure  1 gives  plots  of  the  spectral  distribution  By  for  various  temperatures.  The 
total  emittance  or  emissive  power  E is  given  by 


E ■ irN 
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where  or,  the  Stefan-Boltamann  constant  has  the  value  5.668  x 10"®  watt.m"2.°K*^.  It  will  be  noted  that  at 
300°K,  most  of  the  emission  occurs  at  wavelengths  ~ 10m  where  tc  31  watts.m  .M*1, 

E„  ~ 1.05  x 10-11  watts. m*. Hi*1  at  3 x 10“Hs  and  E :*  460  watts. m"2. 

2.2.  Application  of  Planck's  law  to  Non-Black  Bodies 

Electromagnetic  radiation  incident  upon  a black-bo  jy  is  completely  absorbed,  and  the  body  radiates 
according  to  Planck's  law.  For  non-black-bodies  the  radiation  incident  on  a surface  may  be  either 
reflected  at  the  surface  or  transmitted  through  the  surface.  The  transmitted  component  may  be  completely 
absorbed  or  some  radiation  may  pass  through  the  material  and  escape.  For  a thick  or  highly  absorbing 
medium  with  no  transmitted  component,  the  sum  of  the  reflectance  p and  the  absorptance  a is  unity,  where 
p and  a are  the  ratios  of  the  radiant  energy  reflected  or  absorbed  to  that  incident  on  the  body.  Also, 
the  emissivity  e defined  as  the  ratio  of  the  rate  of  radiant  energy  emission  from  a body  to  that  from  a 
black-body  at  the  same  temperature,  will  be  less  than  unity. 

Kirchhoff's  law  states  that  if  a body  has  reached  an  equilibrium  temperature,  it  is  emitting  the 
same  amount  of  radiant  power  as  it  absorbs  and  emissivity  equals  absorptance.  Hence 

p + a = 1 , a=e  , ?=l-p  (7) 

For  most  surfaces  the  monochromatic  or  spectral  emissivity  is  a function  of  wavelength  and  to  a lesser 
extent  of  the  temperature  of  the  body. 

A surface  for  which  the  monochromatic  emissivity  is  less  than  unity  and  <does  not  vary  rapidly  with 
wavelength  is  called  grey-body.  The  spectral  distribution  of  energy  will  be  very  similar  to  that  for  a 
black-body. 

The  emission  characteristics  of  non-black-bodles  can  be  described  using  the  concept  of  brightness 
temperature,  defined  as  the  temperature  a black-body  would  have  to  give  the  same  spectral  brightness  at 
the  same  frequency.  For  long  wavelengths,  when  the  Rayleigh- Jeans  approximation  is  valid,  there  is  a 
linear  relationship  between  the  radiant  power  emitted  from  a surface  and  its  temperature.  The  emissivity 
is  then  given  by 
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where  Tbr  is  the  brightness  temperature.  Equation  (8)  is  particularly  useful  at  microwave  wavelengths  and 
forms  the  basis  of  passive  remote  probing  in  this  band. 

2.3.  Smooth  and  Rough  Surfaces  t Polarisation  Effects 

Apart  from  a wavelength  and  temperature  dependence,  the  spectral  emissivity  will,  in  general,  also 
depend  upon  the  observation  angle,  surface  roughness  and  composition  (e.g.  water  content),  and  upon  the 
polarisation  of  the  emission  being  monitored.  For  a smooth  dielectric  surface  the  reflection  coeffici  ents 
pv  and  p h £or  the  electric  vector  in  the  plane  of  incidence  and  perpendicular  to  the  plane  of  Incidence 
respectively  are  given  by  the  well-known  Fresnel  formulae  (e.g.  Stratton  1941).  These  show  that  p>v  =Ph 
for  normal  Incidence,  but  pv  experiences  a minimum  at  the  Brewster  angle.  Hence  by  equation  (7),  the 
emissivity  for  the  vertically  polarised  electric  vector  has  a maximum  at  the  Brewster  angle.  The  differ- 
ence between  the  brightness  temperature  at  this  angle  for  these  two  orthogonal  polarisations  can  amount  to 
100  °K  and  greater.  However,  this  difference  is  considerably  reduced  for  emission  from  rough  surfaces 
(Hagfors  and  Morlello  1965). 


For  vary  rough  surfaces  tha  brlghtnaaa  temperature  la  virtually  constant,  lndapandant  of 
obaarvatlon  angle,  but  aurfacaa  of  lladted  roughnaaa  Mill  appaar  to  become  lncraaalngly  smooth  aa  tha  nadir 
angla  la  Increased.  tti  auch  caaaa  tha  brlghtnaaa  temperature  dacraaaaa  with  incraaalng  nadir  angle.  ^ 

3.  ATMOSPHERIC  ABSORPTION  AND  EMISSION  (NOISE)  ^ 

3.1.  Tha  Claar  Atmosphere 

An  axtenalve  bibliography  and  ganaral  raviaw  ol  tha  transmission  in  tha  atmosphere  ha  a baan  glvan 
by  T ho  rap  ton  (1971).  The  main  faaturaa  of  tha  tranamlaalon.and  absorption  charactarlatlca  of  the  entire 
clear  atzoaphara  at  aenlth  In  the  waveband  30  cm  to  (109  to  3 x 101'  Ha)  la  ahown  In  Flgura  2.  The 
molecules  primarily  reaponaible  for  the  atmoapherlc  abaorptlon  In  tha  salcrowaya  raglon  ara  HjO  vapour  and 
02>  and  In  tha  lnfra-rad  raglon,  the  abaorptlon  la  chlafly  due  to  H2O  vapour,  CO 2 and  atratoapherlc  O3 
(which  given  a atrong  abaorptlon  at  about  9.6  p ),  although  the  minor  conatltuenta  auch  aa  00,  CH4,  NjO  and 
HDO  (Howard  at  al  - aea  Valley  1965)  also  have  abaorptlon  banda  In  tha  lnfra-rad.  Several  thouaand 
Individual  llnea  occur,  but  at  low  reaolutlon  are  often  merged  Into  banda.  Absorption  takes  place  with 
molecules  possessing  a magnetic  dipole  moment  (e.g.  0j)  or  an  electric  dipole  moment  (e.g.  HjC' . Tha 
electromagnetic  field  then  excites  molecular  resonances  between  the  fine  structure  rotational  (microwave) 
and  the  vibrational  (infra-red)  energy  atatea.  In  the  Infra-red  region  additional  attenuation  in  tha 
'claar*  atmoaphera  will  occur  through  scattaring  by  aerosols  auch  as  smoke,  fog  and  base  particles 
(Valley  1965). 

Studies  of  transmission  measurements  In  tha  clear  atmosphere  In  the  far  Infra-red  and  In  the 
frequency  range  1 to  1000  GHs  (Lukes  • see  Thompson  1971)  Sieve  shown  that  many  regions  of  strong  absorption 
separated  by  window  regions  occur.  However,  in  the  far  infra-red  the  attenuation  between  the  various 
absorption  lines  of  water  vapour  depends  strongly  upon  the  weter  vapour  content  i.e.  depends  upon  the 
location  and  altitude  of  the  ground  site  and  upon  the  temperature  and  season  (Gaitskell  et  al.  1969).  In 
general,  the  attenuation  at  wavelengths  shorter  than  860p  exceeds  10  dB  at  zenith,  and,  for  any  consider- 
able path  length,  the  atmosphere  can  be  considered  to  radiate  as  a black-body.  In  the  microwave  region, 
an  absorption  band  at  60  GHs,  studied  in  detail  by  Liebc  and  Welch  (1973),  and  an  absorption  line  at 
119  GHz  are  due  to  oxygen,  while  other  absorption  lines  at  22.2,  183.3  and  323  GHs  are  due  to  water  vapour. 
In  the  lower  atmosphere,  pressure  and  doppler  broadening  extends  the  lines  Into  absorption  bands.  Since 
the  wings  of  these  water  vapour  bands  cross  window  regions  and  since  water  vapour  Is  subject  to  diurnal, 
seasonal  and  temperal  changes,  the  window  regions  are  not  precisely  defined,  particularly  the  one  centred 
at  95  GHs  which  has  been  studied  in  some  detail  (Thompson  1971,  Clbbins  et  al.  1973).  It  is  also 
speculated  that  water  complexes,  e.g.  dimers,  can  Increase  the  attenuation  in  the  windows  over  and  above 
that  due  to  water  vapour  In  its  monomeric  form. 

The  principal  regions  of  transparency  of  the  atmosphere,  called  windows,  in  the  medium  and  far 
infra-red  are  approximately  in  the  ranges  3.0  to  4.2p,  8 to  12a<  and  with  less  transparent  regions  about 

4.6  to  4.9 p and  18p.  For  large  altitudes  or  long  path  lengths  at  frequencies  outside  these  windows 
whet .<  the  transmission  through  the  atmosphere  is  small  and  ground  emission  is  cut  off,  the  atmosphere 
will  radiate  as  a black-body  with  a temperature  equal  to  Its  effective  kinetic  temperature,  which  can  be 
considerably  lower  than  300  °K  (Jamieson  et  al.  1963).  For  lower  altitudes  and  shorter  paths,  as  the 
atmospheric  transparency  increases,  the  contribution  from  the  ground  can  become  increasingly  important, 
and  for  surfaces  with  an  emissivlty  ~ 1,  the  ovenill  resulting  emission  will  depend  upon  ground  temperature. 

Few  measured  data  are  available  for  infra-red  transmission  along  slant  paths  from  various  altitudes 
and  estimates  are  therefore  normally  obtained  from  theoretical  considerations.  However,  the  procedure  is 
complex  (Jamieson  ct  al.  1963,  Plass  and  Yates  - see  Wolfe  1965)  since  the  half-width  of  the  various 
spectral  lines  contributing  to  the  absorption  vary  with  pressure  and  both  the  half-width  and  intensity  vary 
with  temperature.  Alsc,  the  concentration  of  the  absorbing  gas  will  usually  not  be  constant  along  the 
slant  path.  In  the  microwave  region  of  the  spectrum,  the  characteristics  of  the  clear  atmosphere  at  zenith 
and  along  slant  paths,  where  a secant  law  is  applicable  for  zenith  angles  less  than  about  85°,  are  fairly 
well-know..  (CC1R  ref.  31). 

Within  most  spectral  windows,  emission  from  the  ground  will  dominate  the  noise  signal  existing  at 
all  altitudes  at  nadir  but  for  long  paths  at  lew  angles  of  elevation  the  noise  emission  from  the 
atmosphere  can  predominate.  Most  of  the  measurements  and  calculations  associated  with  the  weather 
satellite  and  earth  resource  survey  programmes  have  been  made  at  frequencies  within  the  atmospheric  windows. 

3.2.  Effect  of  Hydrometeors  within  the  Atmospheric  Windows 

Hydrometeors  in  the  form  of  rain,  cloud,  fog,  etc.  attenuate  electromagnetic  radiation  either 
directly  as  absorption  or  indirectly  as  scattering,  and,  in  accordance  with  Kirchhoff's  law,  will  re- 
radiate  depending  upon  the  magnitude  of  the  absorptance  (emissivlty)  and  the  effective  temperature  of  the 
atmosphere  down  to  ground  level.  In  the  presence  of  intervening  hydrometeors,  emission  from  the  ground 
will  become  increasingly  masked  as  the  cloud/rain  absorption  increases  and  be  replaced  by  radiation 
characteristic  of  the  absorption  and  temperature  of  the  cloud/rain.  The  effect  will  be  most  severe  within 
the  window  region  of  the  spectrum,  but  may  ba  of  some  consequence  outside  the  windows  for  low  flying  air- 
craft. 


In  the  infra-red  region  at  wavelengths  of  5 p and  greater, clouds  can  be  strongly  absorbing  and 
although  some  scattering  occurs  it  can  generally  be  neglected.  Rayleigh  scattering  by  cloud  and  the  clear 
atmosphere  is  far  more  important  in  the  near  infra-red  and  visible  portions  cf  the  spectrum  and 
considerably  complicates  any  analysis  of  path  transmission.  An  aircraft  flying  just  above  an  opaque  cloud 
would  monitor  radiation  in  the  medium  and  far  infra-red  windows  corresponding  to  the  cloud  temperature 
which  could  be  several  tens  of  degrees  lower  than  that  of  the  underlying  ground  amission. 

The  most  transparent  portion  of  the  spectrum  in  the  range  considered  here  extends  from  1 to  about 
20  GHz.  It  is  sometimes  referred  to  as  an  all-weather  spectral  region  and  has  received  much  attention  in 
recent  years  for  use  in  studies  on  microwave  passive  remote  sensing  of  the  environment  and  Earth-satellite 


communication  systems*  However,  it  is  not  in  fact  unaffected  by  changing  meteorological  conditions  3ince 
heavy  rain  can  cause  considerable  attenuation  at  frequencies  above  10  GHx,  but  it  is  very  much  less  affected 
by  cloud  than  in  the  infra-red  regions*  Naturally  occurring  radiation  within  the  band  1 to  10  GHz  has  been 
discussed  by  Croom  (1964)  and  is  the  region  least  affected  by  the  weather. 

The  other  window  regions  of  the  clear  atmosphere  in  the  micro-wave  spectrum  are  approximately  20 
to  40  GHz  (zenith  attenuation  < 1 dB),  67  to  108  GHz  (zenith  attenuation  > 1 dB,  < 5 dB)  and  200  to  300  GHz 
(zenith  attenuation  >5  dB,  < 10  dB).  The  spectrum  up  to  140  GHz  has  been  studied  extensively  (Thompson 
1971)  whereas  only  a few  measurements  ouch  as  those  of  Ulaby  and  Straiton  (1969)  have  been  made  in  the  200 
to  300  GHz  window.  Within  the  frequency  bands  given  above,  cloud  and  rain,  particularly  heavy  rain, 
produce  significant  absorption  and  thermal  noise.  Attenuation  by  rain  Increases  with  rainfall  rate  and 
frequency  for  frequencies  less  than  100  GHz  (CCIR  ref.  31).  Scattering  of  electromagnetic  radiation  by 
rain  drops  as  described  by  Mle  (see  Hedhurst  1965)  also  occurs  and  becomes  increasingly  Important  at 
frequencies  above  20  GHz  as  the  wavelength  decreases  towards  the  size  of  the  rain  drops,  and  will  therefore 
depend  on  the  drop  size  distribution.  The  effect  of  scattering  is  to  increase  the  value  of  attenuation 
obtained  by  direct  measurement  along  a path,  without  producing  a corresponding  Increase  in  thermal  noise 
(Bavody  1974). 


In  the  last  few  years  measurements  of  atmospheric  attenuation  of  cloud  and  rain  along  slant  paths 
at  frequencies  above  10  GHz  have  been  carried  out  at  various  locutions  throughout  the  world  to  provide 
statistics  for  the  planning  and  operation  of  Earth-space  communication  links.  Direct  measurement  of  the 
transmission  from  the  satellite  ATS-5  (Ippollto  1972)  and  radiometer  measurements  of  the  thermal  noise 
from  the  sun  or  atmosphere  have  been  made.  If  the  atmosphere  has  fractional  absorption  or  absorptance  a 
and  effective  kinetic  temperature  T^T  along  a Sun-Earth  path  of  the  radiometer  measurement,  the  brightness 
temperature  of  the  atmosphere  along  the  path  is  aT^  and  the  brightness  temperature  (antenna  temperature) 
Tsun  for  the  received  signal  is 


TSUN  (1  ' a)TE  + TSKY 

(9) 

where 

TSKY  = aTAT 

(10) 

and  T£  is  the  effective  brightness  temperature  of  the  sun  for  the  particular  antenna  used  and  for  zero 
atmospheric  attenuation. 

tSKY  1,8  obtained  by  pointing  the  radiometer  along  a path  adjacent  to  the  sun.  The  brightness 
temperature  corresponding  to  the  attenuated  solar  signal  is  Tguj|-TgKy  and  must  be  compared  with  Tg  to 
derive  a value  for  the  attenuation  in  dB.  It  is  well  known  that  for  an  antenna  temperature  T and  within 
the  frequency  passband  An,  the  corresponding  noise  power  P available  is  given  by  P = kTAv . Hence 


Attenuation  (dB) 


10  lo810  (1  - a)T  = 10  log10  T 


(ID 


Equations  (lO)  and  (11)  give  the  relationship  between  attenuation  and  brightness  temperature  in  the  micro- 
wave  region  and  in  illustrated  in  Figure  3 for  various  values  of  T^. 

In  practice,  Tg  cannot  be  measured  from  the  ground  and  the  values  of  attenuation  are  ofeen  computed 
with  respect  to  the  signal  which  would  be  received  by  the  radiometer  on  a clear  day.  If  values  for  the  cotn 
attenuation  are  required,  the  contribution  from  the  clear  atmosphere  must  be  added  on.  If  tne  fractional 
absorptions  of  the  clear  atmosphere  and  of  the  cloud/rain  at  the  same  temperature  are  ej  and  aj,  then  the 
total  effective  absorptance  1b  aj  + a,  - 8^2* 

Results  from  measurements  in  the  U.K.  within  band  12  to  37  GHz,  together  with  references  and  a 
comparison  with  similar  data  ontained  in  other  parts  of  the  world  have  been  described  by  Davies  (1972). 

Other  measurements  at  110  GHz  have  been  described  by  Gibbins  et  al.  (1973).  Typical  values  of  the 
atmospheric  brightness  temperatures  derived  from  these  measurements  for  an  effective  kinetic  temperature 
of  273°K  are  shown  as  a function  of  location  and  percentage  of  time  in  Table  2.  The  effect  of  scattering 
on  the  cun-tracking  measurements  has  been  neglected  in  computing  these  values  which  should  therefore  be 
higher  than  the  actual  emission  temperatures.  Although  the  measured  data  refer  to  paths  through  the  total 
atmosphere,  they  will  also  bo  applicable  for  aircraft  flying  above  the  weather.  A procedure  for  the  pre- 
diction of  the  attenuation  at  a location  where  there  are  no  measured  data,  but  where  the  rainfall 
characteristics  are  known  has  been  described  by  the  CCIR  (ref.  31). 

4.  LAND  EMISSION  AND  REFLECTION 

The  noise  signal  from  the  ground  is  the  resultant  of  the  natural  emission  from  the  surface,  radiated 
in  the  manner  described  in  section  2,  and  reflected  radiation  from  the  sun  and  atmosphere.  Daytime  measure- 
ments show  a minimum  in  the  spectral  radiance  of  most  surfaces  at  a wavelength  of  about  3p  (Ksuth  - see 
Wolfe  1965)  where  the  intensity  of  the  reflected  solar  radiation  begins  to  exceed  that  of  the  thermal 
emission  from  bodies  at  ambient  temperature.  At  wavelengths  ~ lOp  the  reflected  radiation  from  an  overcast 
sky  can  be  equivalent  to  a rise  in  suriact.  temperature  of  several  °K.  At  microwave  frequencies,  the  bright- 
ness temperature  of  solar  radiation  isotropically  scattered  at  the  Earth's  surface  is  small  and  is  given  by 

T,  A,  0.06°K  for  total  reflection, 

2rr 

where  T ~ 6000°K  at  \ = 1 cm  and  0 ~ 7 x 10’5  steradian. 
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Host  surfaces  have  a spectral  emissivity  peculiar  to  that  particular  surface  a-.d  to  the  particular 
conditions  prevailing  at  the  time  of  the  measurements  Such  a radiation  is  termed  a signature.  The 
acquisition  and  interpretation  of  signatures  as  a function  of  time  and  location  form  the  basis  of  the 
environmental  remote  sensing  programmes.  Foi  rough  surfaces  obeying  Lambert's  lav,  even  if  the  emissivity 
is  independent  of  temperature,  the  brightness  temperature  of  the  ground  will  experience  temporal,  diurnal 
and  seasonal  changes  arising  from  changes  in  surface  temperature.  Also,  In  areas  of  vegetation  and  in 
areas  where  freesing  occurs,  the  surface  emissivity  will  undergo  seasonal  changes.  r J 

In  order  to  interpret  the  various  signatures,  laboratory  and  field  studies  are  now  4n  progress  to 
determine  the  spectral  radiance  and  surface  emissivity  of  naturally  occurring  materials.  Also,  measure- 
ments from  aircraft  and  satellites  are  being  analysed  in  conjunction  with  ground  truth  data.  Most  of  r'le 
work  is  at  frequencies  within  the  atmosphere  windows. 

In  the  infra-red  region  Buettner  and  Kern  (1965)  have  made  laboratory  raeasy rerents  of  the 
emissivity  of  many  mineral  materials  at  wavelengths  between  8 and  1 2p.  Most  of  the  values  of  emissivity 
in  the  normal  or  near  normal  direction  are  greater  than  0.9  and  do  not  exhibit  a strong  temperature 
dependence.  The  emissivity  for  various  types  of  sand,  vet  and  dry,  lies  within  the  range  0.914  to  0.936. 

In  directions  away  from  the  vertical,  the  emissivity  decreases.  At  12 p,  the  emissivity  of  water  at  80° 
from  the  normal  is  only  about  80X  of  its  value  at  0°.  Buettner  and  Kern  also  quote  some  values  of 
emissivity  measured  by  other  workers.  Melting  snow  seems  to  have  a very  large  emissivity'-  0.99.  Ice 
gives  a low  reflectance  (large  emissivity)  in  the  range  6 to  lOp  and  experiences  a maximum  in  the 
reflectance  at  13p . 

A survey  of  the  literature  and  knowledge  of  land  and  sea  microwave  emission  to  the  end  of  1970  and 
with  particular  referr  ce  to  hydrology  and  oceanography  was  prepared  by  Falkenmark  and  Karstrom  (1972)  as 
pert  of  a series  of  E,,RQ  Reports.  A sumnary  of  the  various  land  values  of  emissi-»ity  found  in  this  survey 
is  given  in  the  first  part  of  Table  3.  In  general,  the  values  of  emissivity  for  land  surfaces  are  high, 
and,  away  from  the  normal,  rough  surfaces  are  brighter  than  smooth  surfaces.  However,  the  emis  iivity  for 
water  (see  Table  4)  is  much  lower  — 0.4.  Hence  dry  soils  emit  radiation  more  strongly  than  wet  soils  as 
can  be  seen  from  Figure  4 of  reference  9.  It  is  also  to  be  expected  that  the  emissivity  tf  land  surfaces 
will  be  lower  during  and  immediately  after  a rainfall  than  for  dry  conditions.  The  emissivity  tends  to 
decrease  with  increasing  wavelength  for  vegetation  and  to  increase  with  decreasing  wavelength  for  water. 

The  differences  in  brightness  temperature  across  land  at  a constant  temperature  are  expected  to  fall 
generally  within  the  range  10  to  30CK.  However,  large  differences  in  brightness  temperature  up  co  about 
150°I  • in  occur  across  land/water  boundaries. 

Recent  measurements  from  aircraft  of  the  emission  from  bare  soils  at  wavelengths  of  21  cm,  1.55  cm 
and  0.8  cm  have  been  reported  by  Schmugge  et  al.  (1974)  who  correlated  brightness  temperature  with  soil 
moisture  content.  At  0.8  cm,  the  emission  is  sensitive  to  surface  moisture  while  emission  at  21  cm 
responds  to  moisture  in  a layer  3 to  4 cm  thick.  Straiton  et  al.  (1958)  measured  the  brightness 
temperatures  of  lake  water,  asphalt,  grass  with  weeds,  and  gravel  at  4.3  mm  wavelength  as  a function  of 
polarisation  and  angle  of  emission.  Reflected  sky  radiation  is  included  in  these  values  of  brightness 
temperature  quoted  by  Straiton  et  al. 

5.  EMISSION  AND  REFLECTION  FROM  WATER 

The  application  of  remote  sensing  techniques  for  studies  of  properties  such  as  surface  temperature, 
sea  state,  salinity,  ice  cover  and  oil  pollution  has  long  L’en  realised  and  has  received  much  attention, 
particularly  since  the  sea  is  fairly  uniform  over  large  areas  end  can  be  probed  with  sensors  of 
comparatively  low  angular  resolution.  However,  most  of  the  published  work  refers  to  measurements  and 
calculations  at  cm  and  ran  wavelengths. 

At  infra-red  wavelengths  the  measurements  of  Buettner  and  Kern  gave  a value  of  -.993  for  the 
emissivity  of  pure  water  in  the  range  8 to  12*i,  with  smaller  values  at  longer  wavelengths.  Water 
contaminated  with  oil  has  values  less  than  that  for  pure  water.  From  the  values  of  reflectance  quoted  by 
Clark.  (1967),  the  emissivity  of  the  sea  is  0.98  at  normal,  0.96  at  45°,  0.94  at  60°  and  considerably  less 
at  large  nadir  angles. 

At  cm  and  mm  wavelengths,  the  emissivity  of  water  is  comparatively  small  as  shown  in  Table  4. 
Perfectly  flat  water  behaves  as  a Fresnel  reflecting  surface  and  in  directions  other  thsn  the  normal 
exhibits  strong  polarisation  effects  (e.g.  Figure  2 of  ref.  9).  Calm  water  has  an  emissivity  of  about 
0.4,  but  the  emissivity  from  a rough  sea  can  be  very  much  larger,  giving  an  incre.-ie  in  brightness 
temperature  up  to  100°K  (Nordberg  et  al.  1971),  depending  upon  the  wave  structure  and  particularly  upon 
the  foam  coverage.  A detailed  theoretical  treatment  by  Stogryn  (J972)  illustrates  the  complexity  of  the 
problem.  In  Stogryn' s analysis,  the  foam  coverage  is  related  to  tha  wind  velocity  (0  to  30  m/sec)  and  the 
r*  suits  obtained  for  the  overall  emission  from  the  sea  as  a function  of  angle  for  both  polarisations 
cou-pare  reasonably  well  with  the  experimental  data  of  Hollinger  (1971)  at  1.41,  8.36  and  19.34  GHs  arid 
Nordberg  et  al.  (1971)  at  19.4  GHs.  Computations  of  the  emission  from  foam  itself  at  13.4,  19.4  and  37  GHs 
from  an  analysis  of  radiometric  data  are  also  given  by  Stogryn  as  a function  of  nadir  angle  tor  both 
polarl sations. 

Ice  and  sea  lcc  have  values  of  emissivity  much  larger  than  water.  Consequently,  sharp  changes  in 
brightness  temperature  ~ 150°  K can  occur  across  nn  ice/water  interface.  At  low  frequencies  ~ 2 GHs  and 
less,  ice  does  not  attenuate  strongly,  and  if  the  ice  i : less  than  about  3 a thick,  attenuated  radlai  on 
from  the  water  below  is  also  emitted.  Since  thn  emissivity  of  water  is  considerably  less  than  for  ice, 
the  overall  brightness  temperature  is  less  than  for  ice  alone  and  gives  a method  for  estimating  ice 
thickness  (Adey  1972). 

The  discussion  above  has  been  concerned  solely  with  the  emission  of  radiation  at  the  surface.  How- 
ever, since  the  emissivity  of  water  is  about  0.4,  the  reflectance  for  sky  radiation  will  be  about  0.6  at 
normal  incidence. 


6. 


COMBINED  EFFECTS  0?  LAND,  SEA  AND  ATMOSPHERIC  THERMAL  EMISSION 


It  i*  th«  purpose  of  this  lection  to  present  general  equation*  and  technique*  for  eitlmatlng  the 
ranitrc*  end  brightness  temperature  for  * downward-pointing  sensor  at  a po'nt  In  the  atraoiphere,  taking 
Into  account  the  thermal  emission  from  a land/sea  surface,  reflection  of  downcoming  radiation  by  the 
surface,  the  attenuation  of  both  of  these  radiations  hy  the  atmosphera  and  the  emission  from  the  atmosphere 
itself  along  t a*  slant  path  of  Interest.  Wegar  (1960)  has  computed  brightness  temperatures  for  a receiver 
at  an  altitude  of  10  km  for  wavelengths  from  0.43  to  3 era  for  three  types  of  weather  condition. 


Consider  the  situation  Illustrated  In  Figure  4.  Tha  radiance  at  the  aircraft  in  the  frequency 
range  v to  v + dv  resulting  from  emission  from  the  ground,  atmosphere  and  background  will  be  designated 
Nm(i'iTm)dv  and  Is  given  by 


N%,T  )iv 
ro  to 


t(v)r(v)N^(v,Tg)dp  + t(u)(l  - r(v))N^(  i^T^dv  + N^p( v,T>p)dw 


(12) 


or  N1'  = trN*  + tpN^  4-  N**  (13) 

ID  D « *p 

where  Nb(i>,Tg),  Na(  o,Ta)  and  Nap(  v,  T ) are  the  spectral  radiances  at  the  frequency  v of  a black-body  at 
ground  temperature  T , the  atmosphere  and  background  at  ground  level  with  effective  temperature  Ta,  and  the 
atmospheric  path  between  ground  and  aircraft  with  effective  temperature  Tap.  r(  v)  Is  the  ground  emlsslvity, 
p ( v)  Is  the  reflectance  and  t(y)  is  the  transmittance  of  the  atmosphere  between  around  and  aircraft. 

Nb(i»,Tg)  is  the  Planck  spectral  radiance  or  brightness  function  (2hw*/c2)/(e"l'/,lcT  - 1)  where  T has  the 
constant  value  Ta.  If  the  ground  emits  as  a grey-body,  r(  v)  will  be  constant.  N«(  u,Ta)  and  Nap(v,Tap) 
are  also  Planck  functions  to  give  the  equival-nt  radiation  from  a black-body  at  the  frequency  i>,  but  in 
general,  the  values  of  Ta  and  Tap  will  vary  with  frequency. 

Equation  (12)  is  very  difficult  to  handle  and  requires  numerical  Integration.  However,  it  Is  often 
used  in  the  following  simplified  Integrated  form  (Clark  1967,  Bliaraptis  1970). 


H«-  VbHb  + t.(I-  V".+"ap  (U> 

where  Nq, , Nb„  Na  and  Nap  are  radiances  of  the  form  /N^dv,  and  ta,  f,  and  tb,  fb  *re  the  effective  values 
of  transmittance  and  emlsslvity  over  the  distributions  Na  and  Nb. 
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At  microwave  frequencies,  since  the  spectral  radiance  Is  2v  kT/c  , equation  (12)  reduces  to 


T =»  teT  + t(l  - e)T  + T (15) 

re  g a ap 

and  can  be  further  simplified  for  particular  cases.  In  the  absence  of  scattering,  the  tens  Tap  can  be 
related  to  the  path  transmittance  t or  to  tha  absorptanca  equal  to  1 - t.  If,  also,  the  brightness  temper- 
ature Ta  Is  separated  into  components  aTg-f  and  (1  - a)Tx  from  the  atmosphere  and  from  external  radiation, 
equation  (15)  gives  the  measured  brightness  temperature  as 

Tm  ’ (1  ' V [ *T«  + PH.-  + (1  * a)TxJ  J + Vp  <16) 

where  a,  Tgj  and  Tx  are  the  tot*.,  atmospheric  absorptanca,  effective  atmospheric  and  effective  external 
temperature  averaged  over  a hemisphere  and  appropriate  to  diffuse  reflection  with  coefficient  p at  the 
ground.  For  specular  reflection,  p *■  1 - r and  a,  Tg-j  and  Tx  are  the  values  along  the  specular  path.  Tp 
Is  the  effective  temperature  along  the  ground- to-alrcraft  path  and  ap  Is  the  associated  absorptanca. 

Based  on  special  cases  of  equation  (14),  Bllwapcl'  has  described  a nomogram  technique  for  deter- 
mining the  ground  temperature  if  the  other  quantities  ere  known  or  have  been  estimated.  The  same  technique 
can  be  used  In  particular  case*  to  obtain  th*  radiance  or  brightness  temperature  at  an  aircraft  if  the  land/ 
sea  and  atmospheric  emission  parameters  are  known. 

7.  SUMMARY  AND  CONCLUSIONS 

A maximum  emlsaion  of  about  31  watt.sT^.p’1  from  a black-body  at  300°K  occurs  at  a wavelength  of 
about  10/J.  the  values  of  emlsslvity  of  many  types  of  land  surface  are  between  0.9  and  1 at  infra-rod  and 
microwave  frequencies.  Hence,  within  the  most  transparent  atmospheric  winden  tegfons,  the  radiation 
received  by  an  airborne  nadir-pointing  radiometer  on  a clear  day  will  be  virtually  identical  with  that 
from  a black-body  at  the  ambient  surface  temperature.  Vithin  the  opaque  far  infra-red  and  submillimetre 
regions  and  within  the  Infra-red  windows  In  the  presence  of  heavy  cloud,  ground  emission  can  be  cut  off 
and  replaced  by  emlsaion  from  tha  atmosphere  at  temperatures  as  low  as  250°K.  In  the  microwave  region, 
cloud  attenuation  and  emission  are  considerably  mealier  than  In  the  infra-red  region,  but  emission, 
absorption  and  scattering  by  rain  become  Increasingly  important  at  frequencies  above  10  GHs,  depending  upon 
the  rainfall  rate  or  percentage  of  the  observation  time. 

Hater  behaves  almost  a*  a black-body  at  infra-red  frequencies,  but  at  microwave  frequencies  can  act 
more  like  a mirror  or  Fresnel  surface  with  strong  reflection  and  polarisation  effects.  In  particular,  solar 
radiation  can  be  strongly  reflected  by  calm  water  and  produce  a large  effective  noise  temperature  at  angles 
near  th*  specular  direction,  producing  a glitter  effect.  Also,  reflected  cloud/raln  radiation  can  add 


considerably  to  tha  surfaca  aalsslon.  Homvar,  a rough  foea  covered  tea  la  more  radiant  than  a calm  aea. 


From  considerations  of  Interference  due  to  terrestrial  tbaneal  noise,  airborne  equipment  operating 
within  the  band  1010  to  1014  Hs  should  be  designed  to  cope  with  a background  aalsslon  from  a black-body  at 
the  highest  kinetic  teaperetura  likely  to  be  encountered  along  a viewing  path.  In  aost  cases,  however,  the 
radiation  received  will  correspond  to  a lower  brightness  reaps. etura.  This  paper  discusses  tha  fundaaental 
aspects  end  gives  aethods  and  refarances  for  astlaatlng  the  true  path  brightness  taaperature  or  radiance 
if  other  paraaaters  are  known. 
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Fig.  2 Transmission  and  absorption  in  the  clear  atmosphere  at  zenith 


Fig.  4 Schematic  diagram  illustrating  the  component  radiation  received  at  a point  in  the  atmosphere 
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DISCUSSION 

H.  J.  ALBRECHT:  This  Is  a supplementary  coweent  to  the  excel lent  review  just  presented  on  the  subject 
of  land,  sea,  and  atmospheric  thermal  noise.  Referring  to  the  apparent  dependence  of  brightness 
temperature  of  the  ground  upon  moisture  and  temperature  of  the  ground,  world  maps  of  brightness  tempera- 
ture based  on  satellite  measurements  were  shown  during  the  URSI  (Union  Radio  Scientific  International ) 
Specialists'  Meeting  or.  the  subject  of  remote  sensing  held  In  Berne,  Switzerland  In  September  1974. 

It  Is  Interesting  to  note  that,  on  an  as  yet  qualitative  basis,  these  maps  agree  very  well  with  world 
maps  of  electrical  ground  conductivity  first  presented  during  an  EPP  (then  EPC)  Meeting  In  1967 
(H.  J.  A.:  On  the  geographical  distribution  of  electrical  ground  parameters  and  Its  possible  effects 
on  navigational  systems;  In  Agardograph  No.  CP  33,  "Phase  and  Frequency  Instabilities  In  Electromagnetic 
Have  Propagation,"  Technlvlslon  1970).  Although  the  latter  map  was  also  based  on  moisture  and  temperature 
of  the  ground,  as  well  as  on  Its  type,  the  agreement  Is  remarkable  because,  other  than  In  the  case  of 
ground  conductivity  for  lower  frequencies,  the  brightness  temperature  Is  only  affected  by  the  upper 
surface  layer  of  a thickness  of  a few  centimeters. 
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ABSTRACT 


Scintillation  has  many  of  the  detrimental  effects  of  noise,  In  that  It  produces  random  fluctuation 
of  the  complex  envelope  of  a modulated  signal.  A useful  way  to  characterise  scintillation  effects  Is  to 
describe  the  signal  statistics  that  result  when  a CW  wave  Is  transmitted  through  a random  medium  that 
Imposes  complex  modulation  during  propagation  to  the  receiver.  Many  theoretical  treatments,  based 
essentially  on  the  first  Bom  approximation,  describe  the  signal  statistics  In  a manner  identical  with 
the  noise  theory  of  Rice.  Other  treatments,  following  the  Rytov  expansion,  suppose  the  phase  and  the  log 
of  amplitude  to  be  Gaussian  random  variates.  Most  data  tests  have  favored  the  latter,  ’log-normal," 
statistics,  The  Born-based  theory  predicts  Rice  statistics  only  at  very  great  distance  from  the  perturbing 
medium,  however,  and  it  has  been  suspected  that  generalisation  to  permit  the  quadrature  components  of  the 
scattered  signal  to  be  partially  correlated  Gaussian  variates  of  unequal  variance  might  better  match  the 
ob' irved  signal  statistics.  Recent  teats  of  signals  observed  through  the  ionosphere,  the  solar  wind,  and 
a laboratory  plasma  have  consistently  confirmed  this  speculation  and  have  revealed  a surprising  consistency 
In  parameters  describing  the  first-order  statistics  of  a signal  caused  to  scintillate  by  a randomly 
structured  plasma.  Thla  paper  describes  a means  for  exploiting  these  new  findings  in  a translonospherlc 
communication  channel  model;  a similar  effort  for  nondiaperslve  media  such  as  the  troposphere  might  also 
be  profitable. 

1.  INTRODUCTION 

When  a radio  wave  Is  scattered  in  a medium  with  random  refractive-index  structure,  the  resulting 
electromagnetic  wave-field  becomes  u spatially  random  variable,  When  there  is  relative  motion  between  the 
medium  and  the  radio  line  of  sight,  the  voltage  delivered  by  an  antenna  to  a receiver  takes  or.  many  of  the 
attributes  of  a signal  burled  in  noise.  In  particular,  its  amplitude  and  phase — or,  alternatively,  its 
quadrature  components — display  random  variations  that  we  cair  "scintillation."  In  describing  scintillation 
for  application  to  communication  system  design  and  operation,  we  are  concerned  with  the  resulting  signal 
statistics.  If  we  obtain  the  statistics  for  a CW  incident  wave,  the  results  can  be  generalised  to  modulated 
signals  by  Fourier  techniques, 

2.  FIRST-ORDER  STATISTICS 

2.1  Evidence  for  Gaussian  Signal  Statistics 

We  begin  by  considering  the  simple  phasor  diagram  shown  In  Figure  1,  where  E represents  the  Instanta- 
neous complex  amplitude  of  the  received  quasl-CW  signal  (CW  except  for  the  random  modulation  imposed  by 
scintillation).  The  scattered  component  of  the  signal  is  represented  by  the  randomly  varying  phasor,  Eg, 
and  the  nonscattered  component  by  (e) , the  mean  value  of  E.  Thus  we  have  chosen  to  reference  all  phases 
to  the  phase  that  the  received  signal  would  have  in  the  absence  of  scintillation. 

Our  Interest  is  In  relating  the  signal  statistics  to  properties  of  the  medium,  which  requires  that  the 
scattering  problem  be  treated  by  some  approximate  solution  of  Maxwell’s  equations.  There  are  several 
approaches,  but  two — the  Rytov  method  of  smooth  perturbations  and  the  application  of  the  first  Bom  approxi- 
mation— exemplify  the  differing  signal-statistical  results  obtained.  The  differences  arise  essentially 
from  the  quartltles  chosen  to  represent  the  scattered  wave  in  a perturbation  calculation:  phase  and  the 

logarithm  of  amplitude  In  the  Rytov  approach,  replaced  by  quadrature  components  in  the  alternative  approach. 
A loose  application  of  the  Central  1..  't  Theorem  to  the  chosen  quantities  results  in  a hypothesis  on  which 
thn  signal  statistics  can  be  formul'  .ed, 

In  the  Rytov  approach,  it  Is  natural  to  postulate  that  phase  and  the  log  of  amplitude  are  Jointly 
Gaussian  variates  leading  to  so-called  loc-normal  statistics  for  amplitude.  This  postulate  may  also  be 
appei.llng  to  those  familiar  with  the  phase-screen  approach  to  calculating  scintillation  effects,  rs 
developed,  for  instance,  by  Bramley  (1955).  For  those  familiar  with  the  scattering  theory  of  Booker  and 
Gordon  (1950),  on  the  other  hand,  it  is  equally  natural  to  postulate  that  the  quadrature  components  of  the 
scattered  signal  Eg  are  jointly  Gaussian  variates,  yielding  so-called  Gaussian  signal  statistics. 


It  the  quadrature  components  were  uncorrelated  and  had  equal  variances,  the  statlatlca  of  the  complex 
voltage  E would  be  Identical  to  those  of  noise,  and  the  statistics  of  the  resultant  signal  e would  he  those 
described  by  Rico  (1945)  for  a CW  signal  with  band-limited  white  noise  added.  Since  the  scattering  is 
described  by  a field  component  added  In  phase  quadrature  to  the  Incident  wave  at  the  scattering  location, 
however,  there  la  no  a priori  reason  for  asking  the  equal-variance  assumption  at  an  observing  point.  More- 
over, calculation  of  the  resultant  signal  expected  at  an  observing  point  attributes  the  real  (relative 
to  (e))  component  of  E to  diffractive  phase  rotation  of  the  Initially  laaglnary  scattered  wave.  Thus 
no  valid  basis  exists  for  assuming  the  real  and  laaglnary  parts  of  Es  to  be  uncorrelated  either. 

It  la  well  known  (Beckman  and  Splzclchlno,  1963)  that,  for  generalised  Gaussian  statistics,  a contour 
of  equal  probability  for  the  coatplex  value  of  E(,  and  therefore  of  E,  Is  an  ellipse  such  as  the  one  shown 
In  Figure  1.  In  the  special  case  of  Rice  statistics,  the  ellipse  reduces  to  a circle.  To  describe  the 
first-order  statistics  of  E,  we  are  Interested  In  the  characteristics  of  the  ellipse:  Its  else,  eccen- 
tricity, and  orientation  angro. 

Let  ua  define  the  quadrature  casiponenta  of  E(  and  their  variances  and  covariance  as  follows: 
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Now  suppose  for  the  moment  that  X and  Y are  uncorrelated  (o^  a 0).  Then,  clearly,  the  ellipse  Is  aligned 
along  one  of  the  axes  of  the  complex  plane  (8  = 0,  say).  In  this  special  case,  the  axial  ratio  of  the 
ellipse  obviously  Is  equal  to  the  ratio  ay/ax.  Furthermore,  the  size  of  the  slllpse  depends  on  ox3  + ay3 . 

It  can  be  shown  (Bello,  1971)  that  the  characteristics  of  the  ellipse  are  dictated  by  one  real  and 
one  complex  quantity: 

Rq  - <E  E*>  (5) 

and  ' " 

Bq  = <E  e)  . (6) 


The  Importance  of  R0  and  B0  for  describing  the  correlation  ellipse  comes  from  the  fact  that  they  completely 
dictate  the  variances  and  covariance  of  X and  Y,  as  follows: 


o 3 = i (R  + Re  {b  }) 
x 2 o o 


(7) 
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From  the  above  relations  It  can  be  shown  that  the  eccentricity  of  the  correlation  ellipse,  in  general,  Is 
related  to  |b0|/R0  and  that  Its  orientation  angle  Is  given  by  tan  (26)  = lm  {B0}/Re  {bo3.  Clearly,  its 
size  depends  on  a*3  + ayB  = RQ,  which  represents  the  scattering  coefficient  of  the  medium. 


Although  for  application  to  communication  systems,  we  are  interested  in  the  complex-signal  statistics, 
most  scintillation  observations  have  been  of  real  amplitude,  |e | , only.  Furthermore,  most  observations 
have  been  reported  in  terms  of  some  scintillation  index  related  to  the  variance  of  either  |l  | o,  |e  |3 . 

A useful  index  Is  the  normalized  aecond  moment,  S*  , or  received  signal  Intensity,  defined  by  Briggs  and 
Parklr.  (1963)  as 


Swa 


< Ije !a>  - <IeI>3 


(10) 


If  the  underlying  signal  statistics  were  log-normal,  there  would  be  a unique  probability  density 
function  (pdf)  for  |e!  or  for  |j3  |8  for  a given  value  of  84 . On  the  other  hand,  for  Gaussian  statistics,  a 
family  of  amplitude  or  Intensity  pdf’s  exists  for  a given  a» , depending  on  the  scattering  coefficient  h 
and  the  remaining  two  ellipse  f reneters,  |bo|/R0  and  6.  We  shall  see  shortly  that  the  latter  two  para- 
meters can  be  reduced  to  a single  variable,  Z,  for  a particular  representation  of  the  scattering  medium, 

Figure  2 shows  two  members  of  the  f*mily  of  pdf's  for  the  signal  intensity  derived  from  the  Gaussian 
signal-statistics  hypothesis,  for  84  ^ 0 5,  compared  with  the  unique  intensity  pdf  derived  from  log-normal 


statistics  for  the  iU!  S*  . A*  the  values  of  Z very  from  very  small  to  very  large,  the  Cauaelan-baaed  pdf's 
range  froai  a highly  peaked  function  to  the  Halting  curve  predicted  by  Rice  statistics.  y 

6? 

Various  scintillation  luaearchera  have  compared  Intensity  hlstograaa  with  the  Intensity  pdf's  based  on 
log-noraal  and  on  Rice  statistics  and  have  found  a closer  fit  to  the  foraer  (e.g. , Cohen  et  el.,  1967). 

It  is  Incorrect  to  conclude  from  such  tests  that  the  Rytov  approach  to  scattering  calculations  is  superior 
to  that  based  on  the  first  Bom  approxlaatlon,  however,  because  Rice  statistics  represent  only  a Halting 
fora  of  the  flrst-Born  statistical  results. 

More  recent  tests  have  Included  a procedure  for  searching  the  Gauntian-bused  family  of  pdf's  for  the 
best  fit  to  the  data  (Rino  and  Fremouw,  1973a;  Rlno,  Livingston,  end  Whitney,  1974).  The  results,  an 
example  of  which  is  shown  In  Figure  3,  consistently  show  that  a better  fit  Is  obtained  to  Gaussian  than  to 
log-normal  statistics  and  that  the  best-fit  Gaussian-based  pdf  is  more  peaked  than  the  log-noimal  pdf. 
Implying  small  values  of  Z.  The  significance  of  this  latter  fact  will  be  explored  shortly. 

The  histogram  In  Figure  3 Is  from  observations  of  the  137.5-MHz  beacon  on  ATS-5  made  from  Sagamore 
Hill,  Massachusetts,  by  the  AFCRL  group.  Similar  tests  have  been  made  with  simultaneously  collected 
4 12 -MHz  dats,  with  data  obtained  by  observing  radio-star  scintillation  produced  by  the  solar  wind,  and  with 
microwave-scatter  data  from  a laboratory  plasma.  The  fits,  measured  by  the  chi-squared  (X*)  or  mean-square 
(<Aa>)  error,  have  been  consistently  better  for  Gaussian  than  for  log-normal  statistics,  as  shown  In 
Table  1. 


Table  1 Summary  of  Data  Fits  to  Gaussian  and  Log-Normal  Statistics 


Scutterlng  Medium 

Frequency 

(MHz) 

Error  Parameter 

Gaussian 

Log-Normal 

Laboratory  Plasma 

31,000 

Xa  429 

X*  a 624 

Laboratory  Plasma 

31,000 

Xa  - 7038 

X-  a 1365 

Solar  Wind 

75 

(AE>  a 36 

(A3 ) a 99 

Solar  Wind 

75 

11 

-*4 

O 

<Aa>  a 75 

Solar  Wind 

75 

(A®  > a 80 

<Aa>  a 88 

Ionosphere 

138 

Xa  a 689 

X3  a 1062 

Ionosphere 

138 

Xa  = 1156 

X3  = 1638 

Ionosphere 

138 

X3  a 308 

Xs  a 502 

Ionosphere 

138 

X3  = 433 

xa  = 949 

Ionosphere  (Fig.  3) 

138 

Xa  a 200 

Xa  a 1496 

Ionosphere 

412 

X3  a 433 

X3  a 611 

Ionosphere 

412 

X3  a 277 

Xs  a 519 

Ionoophere 

412 

X®  = 171 

X3  = 272 

Ionosphere 

412 

X*  a 205 

X3  a 323 

Ionosphere 

412 

X3  a 150 

X3  a 386 

Computer  (Fig.  4) 

— 

X3  a 468 

X8  a 390 

The  above  results  seem  to  imply  a superiority  of  Born-basxd  scattering  theories  over  those  based  on  the 
Rytov  expansion.  One  might,  however,  suspect  that  the  results  arise  because  of  the  extra  parameter  avallabl 
in  searching  the  Gaussian  family  for  a best  fit  to  a finite-sample  histogram.  To  tea’,  this  posalM'ity 
empirically,  a simulated  data  set  was  drawn  freu  a computer-generated  random-number  table  forced  1 obey 
log-normal  statistics.  The  computer-generated  dats  set  was  then  submitted  to  the  curve-fitting  process 
used  for  the  real  data. 

The  result,  shown  In  Figure  4,  was  thst  the  process  did  properly  find  tho  computer-generated  data  set 
to  be  better  described  by  log-noraal  statistics  than  by  the  best-fit  Gsusslsn  statistics.  The  chl-squsred 
errors  for  the  simulated  data  are  given  In  the  last  row  of  Table  1.  We  conclude  that  the  consistently 
better  fit  of  real  aolntlllation  data  to  Gausslan-based  statistics  than  to  log-normal  statistics  Is  a valid 
result  and  not  an  artifact  of  the  analysis  technique. 

Not  only  have  the  data  teats  consistently  favored  Oausslan  over  log-noraal  statistics,  they  have  also 
consistently  yielded  mnall  values  of  Z for  the  best-fit  pdfs.  We  shall  soon  see  that  this  means  rather 
eccentric  correlation  ellipses  (|b0|/R0"«  1)  oriented  quite  vertically  on  the  complex  plane  (6  « 45°). 

One  ramification  of  this  fact  Is  that  the  corresponding  pdfs  for  phase  can  depart  considerably  from  the 
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simple  Gaussian  ahapa  predict ad  by  both  Rica  and  log-normal  atatlatlca.  Some  examples  are  ahown  in 
Figure  S,  for  ellipse-parameter  valuaa  corresponding  to  small  to  aoderata  Z.  Note  the  aaymnetry  of  the 
curvea  for  6 > 0.  Similar  curvea  generated  for  larger  valuea  of  S*  (Rlno  and  Hatfield,  1974)  ahow  a 
double-peaked  structure. 

2.2  Relation  to  Scattering  Medium 


The  relation  of  the  elllpae  parameters  to  Z — In  fact  the  precise  definition  of  Z — depends  upon  the 
spatial  spectrum  of  the  refractive-index  Irregularities  In  the  medium.  In  general,  Z is  a measure  of  the 
relative  else  of  the  radio  Fresnel  cone  at  the  distance  of  the  scattering  region  and  of  the  scatterers 
producing  the  scintillation.  For  a power-law  spectrum  of  the  form 

TUK)  = [l  + (or*  )3]_<V  + ^ , (11) 


it  can  be  ahown  (Rlno  and  Fremouw,  1973b)  that 


where  \/X z la  the  Freanel-zono  radius  and  a is  an  irregularity  scale-size  parameter. 

. 

For  scattering  In  a layer  of  plasma-density  Irregularities  having  a spatial  spectrum  similar  to  Eq.  (11) 
but  allowing  for  elongation  along  one  axis  (the  geomagnetic  field  In  the  ionospheric  case),  the  ellipse 
parameters  can  be  shown  (Rlno  and  Fremouw,  1973b)  to  be: 


R » 2 V7  r 3 x3  r.  sec3  9 ~ £•  a <7  " 

o e r(v_i)3n 

where 

r ^ classical  electron  radius 

e 

X a radio  wavelength 
L ■ scattering-layer  thickness 
9 * Incidence  angle  on  the  layer 

v = spectral  Index  in  Eq.  (li) 

a = axial  ratio  of  Irregularity  scale  size  along  the 
magnetic  field  to  across  it 

Pa  = aa  cosa  ♦ + sin* , where  ♦ = magnetic  dip  angle 

a ■=  scale  parameter  in  Eq.  (11) 

cr  aa  variance  of  electron  density  in  the  layer 
n 


and 


- £ (V  - *)|.->(Z,£)| 

R u 


6 


1 -i  1m  (J(z,£)3 

2 Un  Re  {J(Z,£)J 


(13) 


(14) 


(15) 


where  J is  an  Integral  over  spatial  wavelength,  K , depending  upon  Z and  a function  of  £ determined  by  the 
thickness  and  shape  of  the  layer. 

The  main  point  to  be  noted  in  Eqs.  (14)  and  (15)  Is  that  the  eccentricity  and  orientation  angle  of  the 
correlation  ellipse  are  not  independent.  Rather,  they  are  functionally  related  through  the  Integral  J , 
which  in  general  requires  numerical  evaluation.  They  vary  systematically  in  post-scattering  propagation 
as  Z increases  because  of  its  dependence  on  Fresnel-zone  size. 

In  Figure  6 we  show  several  numerically  evaluated  oolnts  on  a plane  of  6 vs.  |b0|/R0>  fc-  a power-law 
spectrum  with  Index  v = 4/3.  For  comparison,  we  have  also  plotted  a solid  curve  for  a Gaussian  spectrum, 
for  which  the  Integral  can  be  evaluated  analytically.  For  both  spectra,  the  calculations  shown  are  for 
the  case  of  normal  lndicence  on  a layer  containing  Isotropic  irregularities.  Similar  curves  are  obtainable 
tor  different  geometries. 


What  Figure  6 shows  la  that  aa  the  acatterd  wave  propagate*  from  Z » 0 to  Z >•*  1,  the  correlation 
elllpae  rotate*  froat  being  allgnod  along  the  Imaginary  axla  In  Figure  1 to  being  at  an  angle  aporoachlng 
49°,  almultcneoualy  circularizing  (Ibc|/R0  — 0).  The  rate  at  which  thla  appioach  to  Rice  statistics  take* 
place  aa  the  propagation  dlatance,  z,  lncreaaea  dependa  on  the  acale  parameter  a. 

The  fact  that  Ionospheric  scintillation  data  display  best  tits  to  amplitude  pdf's  consistent  with 
smsll  Z and  varying  little  with  X Implies  very  large  values  of  a.  These  results  are  consistent  with  both 
In  situ  (Dyson,  McClure,  and  Hanson,  1974)  and  remote-sensing  (Rufenach,  1972)  estimates  of  the  outer 
scale  of  Ionospheric  Irregularities,  which  Indicate  values  exceeding  several  tens  of  kilometer*. 

The  same  in-sltu  and  remote-sensing  measurements  Indicate  that  the  spatial  spectrum  of  ionospheric 
Irregularities  is,  under  most  conditions,  well  approximated  by  a power  law  with  index  v *»  4/3  and  not  by 
a Gaussian  law  as  has  often  been  assumed  for  mathematical  tractablllty . Thla  In  itself  it  unfortunate 
for  quantitative  modeling  of  Ionospheric  sclntlllat'on  for  syotemr  application,  because  the  Integral  that 
dictates  |bo|/Rq  and  6 must  teen  be  solved  numerically.  In  Figure  6,  the  structure  in  the  dashed  curve 
for  values  of  Z greater  than  about  unity  is  an  artifact  of  numerical  Integration  over  finite  limits.  It 
is  not  efficient  to  extend  the  limits,  because  the  integration  is  very  time-consuming  even  on  large 
machines.  The  Integration  proceeds  more  rapidly  for  •mall  values  of  Z,  however.  Thus  the  observation 
that  small  values  of  Z prevail  for  situations  of  applications  Interest  and  that  they  vary  only  weakly  with 
observing  frequency  is  fortuitous  for  modeling. 

An  example  of  our  interest  In  evaluating  the  probability-ellipse  parameters  is  given  In  Figure  7, 
which  shows  how  the  scintillation  index  S*  varies  with  the  Ionospheric  scattering  coefficient  Rc  and  the 
eccentricity  and  orientation  angle  of  the  ellipse,  for  Gaussian  statistics.  Solely  on  the  basis  of 
Gausslan-statistlcs  hypothesis,  one  obtains  the  following  relation: 


S* 
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2R  (1  - R ) 
o o 


(> 


ifai  cos  25)  ♦ 
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which  Is  plotted  in  Figure  7 for  scattering  coefficients  of  4,  10,  36,  and  64  percent. 

The  dominant  factor  in  dictating  the  scintillation  Index  is  the  scattering  coefficient,  but  the 
experimental  evidence  Indicates  that  translonospherlc  communication  systems  operate  in  the  regime  where 
the  ellipse  eccentricity  and  orientation  are  also  significant.  They  become  Increasingly  Important  as  one 
desires  Increasing  signal-statistical  generality  for  modeling  (l.e.,  parameters  beyond  simply  scintillation 
Index),  especially  for  complex-signal  statistics. 

To  date,  nowever,  the  only  quantitative  modeling  of  Ionospheric  scintillation  that  has  been  performed 
has  been  for  scintillation  index  (Aarons,  Whitney,  and  Allen,  1971;  Fremouw  and  Rlno,  1973),  Furthermore, 
this  modeling  has  been  baaed  on  very  approximate  theory  and,  in  same  Instances,  on  data  reported  In  terms 
of  quasl-subjectlve  Indices  only  crudely  related  to  a theoretically  calculable  Index  such  as  a»  . 

Recently,  however,  Whitney  (1974)  performed  careful  calibration  of  the  ad  hoc  index,  SI,  devised  at 
AFCRL  and  widely  used  for  manual  scaling  of  amplitude  scintillation  records.  This  permitted  accurate 
comparison  of  VHF  observations  performed  by  the  AFCRL  group  (Aarons,  Mullen,  and  Basu,  1964)  with  calcu- 
lations of  St  based  on  the  empirical  model  of  Fremouw  and  Rlno  (1973)  for  scintillation-producing 
Ionospheric  irregularities.  The  comparison,  shown  in  Flguie  8,  revealed  a closer  correspondence  than  was 
believed  to  hold  when  the  model  was  published  (prior  to  accurate  calibration  of  SI  In  terms  of  St). 

Although  the  existing  model  appears  to  provide  a good  basis  for  calculating  the  VHF  scintillation  Index 
for  a considerable  range  of  observing  conditions  (latitude,  time  of  day,  season,  and  sunspot  number), 
it  is  seriously  deficient  at  the  higher  frequencies,  as  shown  in  Figure  9,  The  reason  probably  lies  in 
the  approximate  nature  of  the  theory  on  which  the  modeling  war  based.  The  model  was  developed  by  calcu- 
lating St  according  to  the  weak-scatter  theory  of  Briggs  and  Parkin  (1963),  comparing  results  with  published 
values  of  scintillation  index  (obtained  mainly  at  VHF),  and  adjusting  the  ionospheric  parameters  (mainly 
the  variance  of  electron  density)  until  agreement  had  been  obtained  with  a wide  variety  of  observations. 

The  resulting  model  for  ii  lospheric  irregularity  strength  is  thus  subject  to  errors  Induced  by  assumptions 
In  the  scattering  theory,  which  included  approximation  of  Eq.  (16)  and  use  of  a Gaussian  spatial  spectrum 
for  calculating  R , |bo|/Rc,  and  6. 

Possibly  important  for  modeling  is  the  limitation  imposed  by  assumption  of  weak,  single  scatter.  This 
assumption  has  also  been  made  in  more  recent  theoretical  developments,  such  as  that  leading  to  Eqs.  (13), 
(14),  and  (15)  for  the  ellipse  parameters.  Unfortunately,  this  assumption  often  breaks  down  at  VHF.  The 
result  Is  that  a model  based  on  VHF  observations  and  weak-scatter  theory  result's  In  underestimation  of  the 
strength  of  ionospheric  irregularities.  Then,  when  the  model  is  applied  to  higher  frequencies,  where 
the  weak,  single-scatter  assumption  may  in  fact  be  valid,  scintillation  is  underestimated. 

At  present,  no  completely  general  scattering  theory  exists  for  calculating  parameters  of  the  probability 
ell'pae  when  multiple  scatter  occurs,  However,  one  important  multlple-acatter  effect  that  Influences  the 
frequency  dependence  of  scintillation  can  be  accounted  for:  extinction  of  the  nonscattered  signal  component 
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•a  It  propagates  through  aultipla  scattering  layers.  From  the  work  of  Fejer  (1953)  and  of  Braaley 
(1055),  It  follows  that  extinction  can  be  accounted  for  by  replacing  the  single-acatterlng  coefficient  Rq 
by  a Multiple-scattering  coefficient  , defined  by 


which  clearly  reducea  to  R,,  when  the  scattering  coefficient  Is  saall.  Since  RQ  Is  proportional  to  , as 
can  be  seen  froa  Eq . (13),  use  of  an  In  nodelint  would  significantly  decrease  the  dependence  of  scintil- 
lation on  frequency.  In  a current  aodeling  effort,  It  is  Intended  to  account  for  extinction  in  this  way, 
which  should  result  In  a aodel  valid  for  UHF  as  well  as  for  VHF  scintillation. 

3.  SECOND- ORDER  SIGNAL  STATISTICS 

In  all  the  above,  we  have  been  concerned  with  the  first-order  statistics  of  the  coaplex  voltage  E. 

Also  iaportant  for  coaaunlcatlon  chsnnel  aodeling  are  cecond-order  statistics  In  the  teaporal,  spatial, 
and  spectral  doaalna.  For  Instance,  to  apply  the  CW  signal-statistical  results  to  broadband  systeas,  one 
aust  be  concerned  with  the  Joint  probability  of  E(f)  and  E(f  + Sf),  where  if  represents  a frequency 
Incident  within  the  systea'a  passband.  Slallarly,  for  space-diversity  systeas  one  Is  concerned  with  the 
joint  probability  of  E at  different  receiving  antennas. 

For  second-order  teaporal  statistics,  one  Is  concerned,  in  general,  with  the  joint  statistics  of 
E(t)  and  E(t  + it).  With  the  fact  established  that  the  underlying  signal  statistics  are  Gaussian,  the 
second-order  signal  statistics  are  fully  described  by  autocorrelation  functions  In  the  various  doaalna. 
Alternatively,  thoy  can  be  presented  In  teraa  o.  Fourier  tranaforaa  of  the  autocorrelation  functions.  For 
teaporal  statistics,  the  fluctuation  apectrua  of  E la  clearly  of  Interest. 

Most  scintillation  observations  are  of  real  aaplitude  |e | only.  Fluctuation  spectra  of  real  amplitude, 
or  of  intensity  |e|3,  have  been  recorded  in  recent  yeara  by  various  workers.  Figure  10  la  an  example 
recorded  by  Rufenach  (1972),  showing  the  power-law  form  Imposed  by  the  spatial  spectrum  of  Ionospheric 
irregularities  and  a low-frequency  flattening  resulting  froa  diffraction  effects.  It  la  hoped  that  such 
spectra  will  soon  be  available  for  the  quadrature  components  of  E,  froa  observations  of  a aultlf requency 
beacon  (DNA-002)  to  be  launched  about  the  end  of  this  year  (Freaouw,  1972).  Such  observations,  when 
interpreted  by  the  emerging  theory  of  second-order  signal  statistics  (Freaouw  and  Rlno,  1974),  should 
provide  a firm  basis  for  definitive  signal-statistical  aodeling  of  Ionospheric  scintillation. 

Presumably,  the  same  procedures  could  be  applied  to  aodeling  of  tropospheric  scintillation.  Prior  to 
such  remodeling,  however,  data  tests  should  be  performed  to  establish  whether  the  underlying  signal 
statistics  are  Gaussian  or  log-normal.  The  tests  summarized  In  this  paper  have  all  been  of  data  resulting 
froa  scattering  by  a structured  plasma  and  collected  outside  the  scsttering  medium.  Similar  tests  of  data 
tor  scattering  by  a structured  nondlsperslve  medium  collected  within  the  medium  (as  would  be  the  case  for 
troposphc-ric  radio  scintillation)  should  shed  considerable  light  on  the  relative  merits  of  Born-based  and 
Rytov-based  scattering  theories  for  application  to  caamunlcat lon-channel  modeling  In  general, 

4.  CONCLUSION 

In  summary,  we  point  out  that  rather  general  models  of  tlne-varylng  communication  channels  can' be 
devised  for  use  In  system  planning  and  operation,  when  the  underlying  signal  statistics  resulting  from 
radio-wave  scattering  are  known.  It  has  been  established  that  the  aaplitude  oi  CW  signals  scattered  by 
three  different  structured  plasmas  obeys  the  statistics  expected  when  the  signals’  quadrature  components 
are  Jointly  Gaussian  variates  of  unequal  variance  and  finite  covariance  (i.e.,  Gaussian  statistics).  The 
result  Is  a probability  density  function  (pdf)  for  received  signal  Intensity  that  Is  more  peaked  than  the 
pdf  resulting  .'rom  either  Rice  statistics  or  log-normal  statistics.  The  corresponding  pdf  for  phase  Is 
soaewhat  asymmetrical  and  Is  broader  than  that  resulting  lrat  Rice  or  log-normal  statistics  for  the  same 
scattering  coefficient. 

Scattering  theories  based  on  the  f iv:t  Born  approximation  lead  to  the  observed  first-order  signal 
statistics  of  amplitude,  while  those  based  on  the  Rytov  expansion  do  not.  It  remains  to  be  seen  whether 
the  generalised  Gaussian  statistics  observed  for  weak  and  moderate  scintillation  endure  for  strong  scintil- 
lation, especially  in  the  presence  of  multiple  scatter.  Meanwhile  efforts  are  under  way  to  apply  the  above 
slgnal-atatlstlcal  results  to  mathematical  modeling  of  the  t rang Ionospheric  radio  coauunlcation  channel. 
Similar  data  tests  and  theoretical  developaenta  could  probably  be  used  to  model  tropospheric  channels 
for  microwave  and  laser  communication  systems. 
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Fig.  9 Comparison  of  modal  with  UHF  sclntlllatlon-lndex  obiarvatlona  performed  In  the  northeast 
United  State*. 
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SOURCE:  Rufenach  (1972) 

Fig,  10  An  example  of  aecond-order  signal  atatlatlca:  fluctuation  spectrum  of  the  received  Intensity 

of  a scintillating  36-IMs,  radio-star  signal. 


DISCUSSION 


t.  MALLET:  In  the  statistical  studies  that  you  have  conducted  concern  1 09  scintillation  at  the  reception 
of  the  field  emitted  by  < satellite  and  having  crusted  the  Ionosphere,  you  hove  determined  the  charac-^ 
terlstlcs  of  the  transfer  function.  What  ms  the  measurement  time  Interval  used  for  this  puspose? 


6-'$ 


. In  links  established  by  Ionospheric  reflection  between  two  points  on  the  ground,  we  noted  at  CHET 
that  the  deterministic  as  well  as  the  random  part  of  the  transfer  function  presented  approximately  the 
same  characteristics  for  three  minutes  only. 


C.  J.  FREM01V:  The  data  were  grouped  In  blocks  of  10?4  samples,  and  I don't  remember  the  basic  sample 
rate.  In  the  analysis,  which  was  performed  by  my  collregue.  Or.  Pino,  the  mean  and  standard  deviation 
were  calculated  for  each  data  block.  If  cither  of  these  moments  changed  significantly,  the  data  were 
declared  nonstationary.  Stationary  sets  of  data  were  ^alyaed  together  to  reduce  statistical  variation  • 
In  the  results.  Acceptable  statlonarity  usually  en  ed  for  several  minutes  In  the  case  of  synchro- 
nous satellite  observations.  I think  the  largest  such  period  was  about  AS  minutes,  but  this  was  unusual. 

It  Is  certainly  true  that  there  are  nonstationarlties  In  the  signal  statistics,  arising  from  nonhomogeneity 
of  the  Ionosphere's  spatial  statistics.  The  nonhomogeneity  can  have  more  fundamental  Influence  on  the 
the  signal  characteristics,  via  the  scattering  process.  Dr.  Rlno  Is  currently  exploring  the  theoretical 
aspects  of  locally  (as  opposed  to  strictly)  homogeneous  statistics,  and  I'll  have  to  account  for  the 
effects  In  future  modeling. 

Quasl-determlnlstlc  trends  Arise  In  scintillation  as  well  as  In  Ionospheric  (a  form  of 
nonstationarlty)  reflection. 

E.  N.  FROST:  The  paper  Is  concerned  with  the  case  where  the  signal  Is  large  compared  with  received 
background. 

In  satellite  measurements  the  signal  to  noise  ratio  Is  poor.  A problem  is  to  separate  the  added 
noise  (thermal  noise,  etc.)  from  the  multiplying  noise  (scintillation).  One  clue  Is  that  with  thermal 
noise  the  power  output  Is  proportional  to  pre-detector  bandwidth,  while  this  not  necessarily  so  with, 
multiplying  noise. 

Has  the  author  any  advice? 

I.  0.  FREMOUM:  Further  clues:  1)  Two  receivers  will  produce  noise  that  is  uncorrelated,  while 
scintillations  will  be  correlated  on  signals  from  two  receivers— even  with  antennas  separated  by  many 
10's  or  even  hundreds  of  meters;  Z)  Thr  fluctuation  spectra  of  the  two  are  different.  Bandllmlted 
white  noise  will,  of  course,  have  a spectrum  dictated  by  the  receiver.  The  fluctuation  spectrum  of 
scintillation  often  has  a characteristic  power-lay  shape. 

F.  J.  CHESTERHAN:  Is  the  Rice  distribution  In  your  slide  a Rayleigh  on  Square  Gaussian  distribution? 

Is  It  the  Integral  of  the  Gaussian  PDF?  Considering  the  vector  components  there  are  a family  of  Rice 
curves  and  the  Rayleigh  Is  one  special  case. 


E.  J.  FREMOUW:  It  Is  not  the  Integral  of  the  Gaussian  PDF. 

F.  J.  CHESTERHAN:  Do  you  find  in  practice  higher  order  amplitudes  In  the  tall  of  the  distribution 
than  theory  predicts?  Some  departure  from  theory  in  practice  Inevitable. 

E.  J.  FREHOtM:  This  was  not  my  point.  My  point  was  that  there  are  more  large-amplT:  de  samples  than 
predicted  by  log-normal  statistics,  and  that  this  fact  Is  consistent  with  Gaussian  statistics,  which 
result  In  a longer  "tall"  In  the  amplitude  PDF  than  Is  Die  case  for  log-normal. 


H.  J.  ALBRECHT:  Referring  to  the  suitability  of  scintillation  models  to  describe  the  enhancement  In 
the  equatorial  region.  It  would  be  Interesting  to  learn  whether  the  model  here  mentioned  could  be 
adapted  to  this  purpose,  with  particular  regard  to  the  ionospheric  scintillations  recorded  on  SHF- 
frequencies  as,  for  Instance,  In  the  INTELSAT-net. 

E J.  FREMOUW:  The  same  scattering  theory  should  be  applicable.  However,  there  are  In-sltu  satellite 
data  showing  a structured  spatial  spectrum  In  the  equatorial  Ionosphere— l.e. , there  are  "bumps"  In  the 
spectrum  at  preferred  spatial  frequencies.  I suspect  that  these  structured  spectra  are  responsible 
for  the  SHF  scintillation.  It  remains  to  be  seen  whether  the  Integrals  arising  In  the  scattering 
theory  In  the  presence  of  such  spectra  can  be  solved  analytically.  If  not,  then  one  could  evaluate 
them  numerically.  In  either  case.  It  will  be  Important  to  know  how  the  spectrum  varies  with  geophysical 
conditions.  When  this  Is  established,  then  It  should  be  quite  possible  to  adapt  the  model  to  SHF 
scintillation  , and  we  hope  to  do  so. 


H.  J.  ALBRECHT:  With  the  theoretical  difficulties  you  just  mentioned  or  with  the  "bumps"  In  the  spectrum 
of  those  scintillations,  are  you  actually  referring  to  properties  related  to  the  oscillatory  nature  of 
the  auto-correlation  function? 

E.  J.  FREMOUW:  Tes. 


J.  AARONS:  Equatorial  scintillations  (recently)  have  been  found  to  have  "bumps"  or  enhancement  of 
particular  frequencies. 

E.  0.  FREMOUW; 

J.  AARONS:  Didn't  the  solar  wind  analysis  show  log-normal  statistics? 

E.  J.  FREMOUW:  They  showed  that  log-normal  Is  more  accurate  then  the  amplitude  probability  density 
function  arising  from  the  special  case  of  Rice  'statistics.  Our  results  showed  that  a non-RIcian 
member  of  the  generalized  Gaussian  statistical  family  Is  still  more  accurate. 
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SUMMARY 


Ths  various  propagation  propartisa  of  the  atmosphsrs  ars  associated  to  the  vari- 
ation of  the  refraotive  index.  A stratified  atmosphere  shows  due  to  the  meteorologi- 
cal parameters  a strong  change  which  corresponds  for  example  to  variations  of  para- 
meters as  k-factor  or  Uo  horizon  and  noise  temperature.  The  case  of  an  atmosphere 
with  embedded  discontinuities  is  illustrated  by  experimental  results,  which  ware  ob- 
tained on  llne-of-sight  ground  links,  links  with  a distance  near  the  radio  horison, 
tranahorison  links  as  well  as  earth-space  links.  It  concludes  that  most  radio  inter- 
ference is  to  be  expected  during  days  with  strong  radiation  and  the  influenoe  of 
oold  fronts. 


1.  INDEX  OF  REFRACTION 


The  propagation  properties  of  the  ;mosphere  for  electromagnetic  waves  are  cha- 
racterised by  the  dieleotrio  constant  £ and  the  index  of  refraction  n,  respectively. 
In  the  troposphere  both  depend  on  the  local  temperature  T f°  Kj , the  pressure  p (mb] , 
and  the  water  vapour  e [mb]  aooording  to  the  relation  (valid  for  frequencies  up  to 
about  3 OH a) 

V?  - n . i . 77.2 * * * 6-iQi  ( , .iavu’  . ). 

T T 

In  the  general  form  the  dielectric  oonstant  is  complex,  i.e.  C - ty  + i £2  . For 

frequencies  higher  than  3 GHz  the  imaginary  part  £-  is  dominating  and  herewith  ab- 
sorption due  to  the  presence  of  water  vapour  and  oxygen  as  well  as  precipitation. 

This  investigation  only  concerns  situations  associated  with  reflection,  refract- 
ion, scattering,  and  ducting  which  result  from  the  local  variation  of  the  dielectric 
constant.  These  effects  dominate  at  frequencies  smaller  than  3 GHs  and  they  are 
active  besides  the  absorption  at  frequencies  higher  than  3 GHz  which  is  not  treated 
here. 


The  difference  between  the  index  of  refraction  of  vaouum  (n  = 1)  and  the  actual 
one  at  the  earth's  surface  has  the  amount  of  some  10”'.  It  is  convenient  to  intro- 
duce the  refractivity  N <- 

N = ( n - 1 ) 10°. 

Figure  1 shows  the  dependence  of  the  refractivity  N on  the  temperature  T and  the 
relative  humidity  RH  at  a pressure  of  p = 1000  mb.  The  value  of  N = 320  corresponds 
for  instance  to  t = 20  °C  and  RH  = 50  £>. 

If  we  consider  the  boundary  of  two  air  masses  1 and  2 we  get  a discontinuity  in 
refractivity  A N = N1  - Ng.  For  air  masses  with  the  same  temperature  ( t = 10°C) 

and  pressure  (p  = 1000  mb)  but  a different  relative  humidity  RH.  = 100  $ and  RK,,  =50  $ 
AN  amounts  AN  = 30. 

Concerning  ionospheric  propagation  the  index  of  refraction  is  characterized  by 
the  density  of  free  electrons  Nfl  and  the  frequency  of  the  incoming  wave.  Here 

the  value  AH  = 30  against  vacuum  is  reached  for  instance  if  we  assume  an  electron 
density  of  8*10  cm  at  100  MHz  and  8*10  cm  at  1 GHz,  respectively  (Figure  2). 


2.  ATMOSPHERIC  STRUCTURE 


If  the  index  of  refraction  ie  not  equal  one  but  constant  no  influence  on  the 

straight-line  propagation  will  occur.  Only  the  variability  of  temperature,  humidity, 

and  pressure  in  time  and  spaoe  due  to  the  present  structure  of  the  atmosphere  in- 

duces a variability  of  refractivity  and  effects  the  electromagnetic  wave  propagation. 


2.‘i  THE  NORMAL  HORIZONTAL  STRATIFICATION 


Due  to  the  force  of  gravity  of  the  earth  the  density  of  the  air  decreases  ex- 
ponentially with  height;  therefore  the  air  is  horizontally  stratified  around  the 
earth's  surfaoe.  The  corresponding  refraotivity  decreases  like  the  density  of  the 
air  exponentially  with  the  height  h to 


N ( h ) 


N 


exp  ( - § 


) 


( 1 ) 


where  Nfl  is  the  value  of  N at  the  height  zero  (assumed  to  be  the  height  of  the  sur- 
face) and  H is  the  soale  height.  This  profile  is  introduced  as  standard  atmosphere. 

The  relation  (1)  can  be  linearly  approximated  by 

N(h)=NB(l+^py|h)  (2) 

8 

Iff 

where  -g-g  is  assumed  to  be  constant.  Introducing  AN(h)  = Ns  - N(h)  and  chooBing 

h = 1 km,  we  get  for  ^ ~ ^ = N#  - N11nn.  The  value  Ns  - N1Jm  as  well  as  N8 

are  averaged  and  world-wide  known  (Bean,  B.R,  et  al  I960). 


In  the  assumed  profile  of  the  atmosphere  the  rays  are  bended.  Considering  the 
ray  equation  for  a concentrically  stratified  medium  together  with  (2)  the  rays  can 
be  considered  as  straight  lines  if  a new,  effective  earth's  radius  Reff  fa  intro- 
duced by  the  relation 


eff 


= k R, 


with 


k = 


1 + R. 


TRT 

an 


( 3 ) 


with  Rc  = 6375  km. 

The  standard  atmosphere  can  be  approximated  by  k = 4/3.  But  in  the  real  case 
k depends  on  the  present  structure  of  the  troposphere  and  the  values  of  k vary 

between  1 and  3 (temperate  climate).  The  case  k = 1 correspond*  to  = 0 and 
the  oase  k = 3 to  = 104.5*10“  km“  . The  derived  value  of  the  radio  horizon  d 
(Figure  3) 

d = 3.57-  VT->T  ( 4 ) 

with  h = height  of  the  transmitter  antenna  yields  for  the  assumed  values  of  k the 
diotributicn  of  Figure  4.  Concerning  h = 400  m the  radio  horizon  varies  between 
71  and  124  km  corresponding  to  k = 1 and  k = 3. 

The  E-field  inside  the  line-of-sight  area  is  evaluated  by  the  superposition 
of  the  direct  and  the  Indirect  rays.  N®ar  the  radio  horizon  this  interference  field 
passes  over  to  the  diffraction  field  characterized  by  a rapid  fiold  strength  decrease 
with  distance  from  the  transmitter  for  the  here  treated  wave  lengths  of  the  UHF 
range  as  well  as  shorter  waves.  The  location  of  this  transition  zone  varies  due  to 
the  value  of  k.  If  the  location  of  the  radio  horizon  iB  moved  to  greater  distances 
from  the  transmitter  the  level  of  field  strength  increases  considerably  beyond  the 
horizon  previously  defined  by  the  standard  atmosphere. 


2.2  THE  ATMOSPHERE  WITH  EMBEDDED  DISCONTINUITIES 


With  regard  to  reality  there  are  more  or  less  wide-spread  discontinuities 
embedded  in  the  normal  stratified  atmosphere.  These  discontinuities  result  from  air 
masses  which  differ  in  temperature  and  humidity  from  the  surroundings.  These  diffe- 
rent air  masses  correspond  to  dynamio  processes  in  the  atmosphere  like  radiation, 
adveotion,  subsidence,  and  turbulence.  Areas  of  different  air  masses  correspond  to 
areas  of  different  refraotivity.  For  mathematical  treatments  it  is  assumed  that  they 
are  separated  by  a boundary.  By  these  boundaries  effeots  like  reflection,  refraction, 
and  ducting  are  stimulated  as  well  bb  fooussing  and  defocussing  which  are  present 
if  the  waves  are  not  only  considered  as  rays  but  alto  as  beams.  Enhancement  as  well 
as  diminishing  of  field  strength  follow  compared  with  the  field  strength  associated 
with  a standard  atmosphere.  These  effeots  cannot  be  neglected  if  the  incidence  at 
the  boundary  oocurs  with  email  grazing  angle.  Phase  effeots  will  appear  at  every 
direction  of  incidence 

A similar  situation  arises  in  the  ionosphere  if  there  are  embedded  areas  of 
different  concentration  of  free  electrons  compared  with  the  surroundings.  It  can  be 
shown  that  this  kind  of  ionoBpherio  areas  will  be  active  up  to  100  GHz  if  the  thick- 


ness  ia  sufficient  (Fengler,  C.  1972) 


2.3  NOISE 


The  sky  noiae  depends  on  frequency.  Up  to  1 or  3 GHz  the  cosmic  noise  is  domi- 
nating; it  is  a function  of  geographical  location,  season,  and  daytime.  At  higher 
frequencies  the  main  contribution  of  noise  originates  frcm  water  vapour  and  atmo- 
spheric gases.  The  influence  of  precipitation  is  not  considered  here.  At  these  fre- 
quencies the  noise  therefore  depends  on  air  masses  along  the  path  and  herewith  on  the 
direction  of  the  antenna.  If  in  the  considered  direction  only  dry  air  masses  are  pre- 
sent, the  noise  temperature  is  smaller  than  in  the  oase  of  wet  air  masses.  In  order 
to  come  to  an  estimation  of  the  influence  of  different  air  masses,  the  sky  noise  for 
dry  air  (relative  humidity  50  #)  and  for  very  wet  air  (relative  humidity  100  #)  at 
a temperature  of  23  °C  and  elevation  angles  of  90°  and  30°  was  derived  from  calcu- 
lations (Hogg,  D.C,  and  Semplak,  R. A.  1961)  end  is  represented  by  Figure  5.  Table  1 
shows  the  sky  noise  temperature  for  10  GHz  and  6 GHz.  Concerning  the  differences  of 
sky  noise  temperature  between  relative  humidities  of  50  £ and  100  follow  some  de- 
grees Kelvin  for  high  elevation  angles  (90°)  and  about  10  degrees  Kelvin  for  smaller 
elevation  angles  (30°). 


Table  1 Sky  noise  temperature  in  dependence  on  relative  humidity  RH. 
& elevation  angle 


10  GHz  6 GHz 


RH  50  * 100 

&=  90°  sky  noise  3.8  9 

30o  tempera-  7>0  18 


50  i 100  <f> 

3.0  4.2 

8 16 


3.  EXPERIMENTAL  RESULTS 


The  influence  of  particular  weather  conditions  on  various  kinds  of  radio  servi- 
ces is  studied  with  experimental  links,  i.e.  line-of-sight  ground  links,  links  with 
path  lengths  near  the  value  of  the  radio  horizon,  tranBhorizon  links,  and  space  - 
earth  links. 


3.1  LINE-OF-SIGHT  GROUND  LINKS 


From  line-of-sight  links,  i.e.  links  with  the  distance  transmitter  - receiver 
within  the  radio  horizon,  numerous  measurements  are  known  which  show  the  influence 
of  the  troposphere.  Such  links  are  characterized  by  small  variations  of  the  average 
field-strength  level.  However,  during  the  morning  and  the  early  night  of  oAlm  days 
with  strong  radiation  fadings  can  be  observed  with  depths  up  to  50  dB  (Grofikopf,  J. 
1970),  in  particular  if  running  over  moist  ground.  These  deep  fades  are  in  accordance 
with  the  conception  of  the  formation  and  deformation  of  ground-based  discontinuities. 


3.2  FIELD  STRENGTH  NEAR  THE  RADIO  HORIZON 


Comparing  the  diurnal  variation  of  the  mean  field  strengths  at  the  reoeiver  of 
a path  with  a length  of  about-  the  distanoe  of  the  radio  horizon  (k  = 4/3)  with  line- 
of-sight  links  as  well  as  transhorizon  links  of  sufficient  path  length  we  get  a large 
diurnal  variation  of  the  field  in  the  area  near  the  radio  horizon.  This  is  due  to  the 
diurnal  variation  of  the  faotor  k (Figure  4).  In  Figure  6 the  mean  diurnal  field- 
strength  variations  of  paths  of  115  km,  200  km,  and  320  km  at  0.5  GHz  are  plotted  for 
days  with  strong  radiation.  The  variations  result  from  radiation  processes  in  the 
lower  troposphere  (Fengler,  G.  1964).  In  opposition  to  links  over  land,  whioh  are 
treated  here,  links  over  sea  show  no  pronounced  diurnal  variation  because  of  the  heat 
retaining  capability  of  water. 


3.3  TRANSHORIZON  LINKS 


If  only  the  presence  of  the  standard  atmosphere  is  presumed  transhorizon  links 
should  have  field  strengths  nearly  oonstant  with  time  due  to  scattering  as  the  pre- 
dominating propagation  mechanism.  In  reality  these  links  show  field-strength  variat- 
ions according  to  the  influence  of  embedded  discontinuities  in  the  troposphere 
(Figure  6).  An  example  of  this  influence  gives  a detailed  analyst)  of  field  strengths 
observed  on  paths  of  115  km,  200  km,  270  km  and  320  km  lengths  at  s frequency  of  0,5 
GHz  over  three  days  (Figure  7,  Fengler,  G,  1964).  A pronounced  dependence  on  the 
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height  of  the  layer  over  the  paths  oan  be  dearly  seen  from  this  example.  This  corre- 
lation was  confirmed  by  the  statistical  evaluation  of  a great  number  of  field  strength 
recordings  with  respeot  to  the  presence  of  the  height  of  the  simultaneously  observed 
discontinuity. 

Other  observations  show  the  influence  of  a front  passage  on  the  fidd  strength. 
Due  to  the  variation  of  the  turbulenoe  properties  in  the  area  of  a front  the  scatter 
field  diminishes  (Albrecht,  1UJ.  1968). 


3.4  EARTH  - SPACE  LINKS 

Due  to  the  ray  bending  in  the  standard  atmosphere  the  rise  time  of  an  orbiting 
satellite  in  a height  of  750  km  has  an  anticipation  of  about  4 sec.  in  opposition  to 
the  geometrical  path  (without  atmosphere).  The  set  time  has  a corresponding  delay  of 
4 seo.  However,  the  analysis  of  a great  number  of  observations  of  riee  time  at  C.136 
GHz  show  in  about  50  ‘i  of  all  cases  deviations  from  the  calculated  value  of  4 sec. 
and  in  about  15  # considerable  deviations  which  are  due  to  particular  weather  con- 
ditions (Table  2;  Pengler  G,  1971). 

Table  £ Satellite  rise  time  (by  radio  measurement)  and  corresponding 
meteorological  conditions 

Radio  effect  (136  MHz)  Meteorological  Condition 


anticipation  > 30  sec. 
delay  0 to  60  sec 
delay  > 60  sec. 


cold  front  in  direction  of  satellite 

thrust  of  wet  warm  air  in  direction  of  satellite 

strong  discontinuities  in  strong  high  pressure 
system 


It  follows  that  very  strong  discontinuiti-1"  during  days  with  strong  radiation  in  the 
central  aree  of  an  extensive  high  pressure  system  and  embedded  warm  and  wet  air 
masses  cause  a delay  of  rise  time.  This  result  can  be  interpreted  in  terms  of  ray 
deflection  or  defocussing  at  boundaries  in  suitable  position.  Otherwise  an  antici- 
pation of  rise  time  is  observed  if  the  observations  of  the  satellite  signals  occur 
at  the  periphery  of  a high  pressure  system  and  when  in  particular  the  influence  of  a 
cold  front  is  effective,  .’.'he  interpretation  of  the  anticipation  of  rise  time  due  to 
the  meteorological  conditions  follows  in  terms  of  ducting  processes  at  the  boundary 
between  warm  and  cold  air  and  the  ground.  Disturbances  due  to  these  meteorological 
conditions  are  confirmed  by  other  observations. 


4.  CONCLUSIONS  REGARDING  TO  RADIO  INTERFERENCE 

Considering  radio  interference  the  preceding  results  according  to  field  strength 
enhancements  compared  with  field  strength  corresponding  to  the  standard  atmosphere  are 
of  particular  interest.  It  was  found  that  field  strength  enhancements  can  be  explained 
by  an  inoreaae  of  the  k-factor  and  herewith  by  an  increase  of  the  radio  horizon,  by 
reflection  and  du-cting  processes  due  to  the  presence  of  groun-d-baaed  and  free  dis- 
continuities in  suitable  position  and  intensity  as  well  as  by  the  influence  of  oold 
fronts.  The  common  weather  conditions  belonging  to  the  described  effects  are  the  pre- 
sence of  a pronounced  high  pressure  system  where  radiation  causes  the  formation  of 
discontinuities  or  where  boundaries  arise  by  advection  in  face  of  cold  air  masses. 

The  more  these  weather  situations  are  pronounced  the  stronger  should  be  the  effect, 
i.e.  the  enhancement  of  field  strength.  Enhancement  of  field  strength  means  enlarge- 
ment of  the  range  of  the  considered  servioe,  that  often  means  interference  with  other 
services  operating  on  the  same  frequency.  Of  same  interest  is  of  course  the  case  of 
diminishing  of  field  strength  which  promotes  interference, too,  if  it  becomes  necessary 
to  increase  the  sensibility  of  the  receiver.  It  was  outlined  that  this  will  occur 
with  satellite  paths  in  the  oentre  of  strong  high  pressure  systems  as  well  as  in  con- 
nection with  a thrust  of  warm  and  wet  air  followed  by  a cold  front. 

The  importance  of  a high  pressure  system  for  the  occurence  of  extended  radio 
ranges  results  also  from  investigations  done  by  Fehlhaber  and  GroSkopf  (19681. 

4-  * 

Although  most  of  the  observations  are  concerned  with  the  VHF-  and  UHP— range s 
it  has  to  be  sxpeoted  that  outlined  weather  conditions  will  effect  other  frequencies 
too;  but  not  in  such  a severe  form  like  precipitation  is  doing. 
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days  with  strong  radiation  in  dependence  on  path 
length. 115  km, 200  km,  -»  — — 320  km 
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DISCUSSION 

E.  CHIARUCCI:  Data  on  the  minimum  value  of  the  tropospheric  index  k as  a function  of 

distance  are  known  and  have  been  published  (for  a given  climate) . These  data  are  cur- 
rently used  to  determine  the  minimum  distance  to  the  radio  horizon  and  path  clearance 
for  line-of-sight  communication  systems;  however,  from  the  standpoint  of  interference, 
what  one  would  like  to  know  is  something  about  the  maximum  values  of  k which  are  not 
exceeded  for  a given  percentage  of  thn  time,  sey  99.91.  Does  the  speaker  know  of  any 
published  experimental  data  in  this  sense? 

C.  FENGLER;  I do  not  know  of  any  published  data  for  this  part  of  the  distribution  of 
k values. 


LES  charges  electrostatiques  et  les  perturbations  QU  'ELLES  entrainent  dans  les  liaisons  radioelectriques 

C.  p4vt>ot,  3EFTIM,  19»  ru*  Lagranga,  75005  Paris,  Praro# 

Introduction 

Lee  chargee  ilectroetatiquee  qui  ee  ardent  dane  VatmoephSre  pcuvent  ginirer  dee  dichargee  atmoephiriquee 
eueaeptiblee  de  ditruire,  tout  ou  partie,  d'un  aironef  ou  d'un  engirt  et  en  toue  cat  de  perturber  forte - 
ment  le  fonctionnemnt  dee  liaieone  radio , dee  calcuLateure,  etc  ... 

L'exposi  prieent  ne  traitera  pae  de  cet  aspect  trie  important  du  problime . D'autree  types  de  chargee 
pertwrbent,  par  diffirente  micaniemee , lee  tiliooemmicationo.  Ce  eont  aellee  qui  ee  dipoeent , ee 
orient , e 'ivaouent  ou  ee  recombinent  d la  surface  de  t 'aironef. 

1.1.  L'iquipotentialiti  de  la  surface  dee  aironefe  : 

Les  chargee  ilectroetatiquee  qui  ee  orient  <3  la  surface  dee  aironefe  auront  une  action  trie  diffirente 
euivant  que  la  surface  de  I'aironef  eet  ieolante  ou  conductrice. 

Or,  il  eet  ivident  que  la  surface  d’un  aironef  ne  peut  Stre  intigralement  conductrice , ne  eerait-ce  que 
par  la  niceseiti  de  recevoir,  but  les  antennes,  lee  champs  ilectromagnitiques  extirieure. 

a)  lee  chargee  qui  ee  vipartieeent  eur  une  surface  mitallique,  en  raison  de  la  bonne  conductibiliti  d'une 
telle  surface  et  de  la  faible  valeur  dee  charges,  on  pourra  coneidirer  cette  surface  come  parfaitement 
iquipotentielle . Hais,  et  c'eet  Id  oi3  riside  le  phinomine  important,  la  diffirence  de  potential  entre  la 
surface  et  I’air  ambiant  peut  Stre  trie  importante. 

b)  lee  chargee  qui  ee  orient,  sijoument  et  ee  recombinent  eur  lee  surfaces  ieolantee.  Id  (galement 
lee  diffirentee  de  potentiel  peuvent  Stre  ileviee  entre  cte  surfaces  et  l-'air  ambiant,  mais  igalement 
entre  deux  points  de  la  surface  mSme  trie  proohee. 

1.2.  La  criation  et  I'ivacuation  dee  chargee  ilectroetatiquee  : 

Le  tableau  ci-deesous  que  nous  cormenthoone  en  II.  schimtise  l 'origins  dee  charges  ilectroeto* iqucs  : 


influence  dee  chcarpe  ilectriquee  extirieure 

frottement  sw  les  particulee  neuires  et 
Criation  et  ivacua'.icn  par  un  phinomine  lit1  triboilectriciti 

au  milieu  ambiant 

collects  de  chargee  priixistantee. 


Criation  et  ivacuation  par  un  phinomine  lii 
d l ’ aironef 


ivacuation  par  lee  diperditeure  de  potentiel 

- involontairee 

- volontairee 

ivacuation  par  lee  gas  ionieie  dee  moteure. 


Nous  n’incorporon8  pas,  dans  ce  tableau,  lee  evictions  ou  ivacuatione  de  charges  dans  dee  circonetancee 
particulars  : 

- freinage  au  eol  eur  une  piste  eiche, 

- eiparation  des  itagee  d’une  fueie, 

- ravitaillement  en  vol, 

- etc  . . . 

I. 3,  L’influence  dee  chargee  ilectroetatiquee  eur  l ’environnement  et  lee  comunicatione  radioilectriques 
Sur  le  plan  purement  radioilectrique,  la  prieenoe  dee  charges  ilectroetatiquee  ee  traduit  par  : 

a)  loraqu'elles  eont  relativement  peu  nomhrtueee,  l’ alimentation  du  bruit  de  fond  (bruit  blanc  ou  peu 
diffirent  du  bruit  blanc) 

b)  lorequ’ellee  eont  inportantee,  par  dee  dichargee  Be  traduieant  par  un  brcuillage  intense, 

Criaotion  dee  charges  : le  rile  joui  par  la  mitiorologie 

II.  1.  Influence  dee  champs  ilectriquee  extirieure 

Dane  une  atmoephire  non  ohargie,  mais  od  rigne  un  champ  ilectrique,  il  y a fatalement  une  diffirence  de 
potentiel  entre  la  structure  conductrice  et  l ’atmoephire.  Or,  de  tele  ohanpe  existent  au  voieinags  du 
eol  ou  d’un  cumulo-nimbue , par  exeirple. 

II. 2.  Frottement  et  triboilectriciti 


C’eet  la  source  de  chargee  ilectriquee  la  plus  friquente.  Un  nuage  de  crietaux  de  glace,  de  pouseiiree 
induetriellee,  de  cable, etc  ...  eet  conetitui  d’un  trie  grand  rombre  de  microparticulee.  Entratnies 
par  le  vent,  aes  particulee  frottent  notaiment  eur  lee  horde  d'attaque  et  dans  certains  cae  eont  roepuee 
par  lui . Or,  aee  phinomines  e 'acconpagnmt  de  la  criation  de  chargee  ilectriquee.  , 
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It  aat  ividant  qua  l'ituda  da  caa  phinominaa  n'eat  paa  tinpla  oar  : 


1 . It  n'exiate  paa  da  cyan  au  aol  pamattant  d'itudier  da  tala  ph  t nomine  a dana  lea  oonditiona  riel  lea. 
Vna  aouffleria  raatituant  l 'ambiance  an  rigimt  auperaonique  i haute  altitude , t)  iohelle  I.  eat,  pour  le 
moment  du  moina,  du  domains  da  l 'utopia. 


S,  L'ituda  an  modila  riduit  n'aat  pan  enviaageable  oar  la  dimension  et  la  forme  dee  oriataux  f orient 
aurement  un  grand  rSle  at  il  paraCt  difficile  da  rialiear  daa  oriataux  de  la  dimenaion  ooulue  ayant  una 
rielle  homothitia . 


3.  L'ituda  directs  an  vol  aat  poeeible  , maia  coma  lea  chargaa  dipandent  beauooup  dee  oonditiona  mitio- 
roiogiquaa , il  aat  indispensable  d'affactuar  beauooup  d'heuree  de  vol  pour  retrouver  lee  mimee  conditions 
d 'ambiance. 

Cette  Jemiire  mi t fade  a dijd  foumi  cepindant  un  certain  nombre  de  loia  que  noue  riaumona  ci-deaeouB  : 

a)  la  charge  de  I'aironef  par  frottement  ou  par  triboilectrioiti  rend  tvujoure  Vaironef  nigatif  par 
rapport  d l 'air  ambiant, 

b)  le  champ  ilectrique  autour  de  Vaironef  rieulte  de  la  combinaieon  du  champ  dL  aux  chargee  abandonniee 
sur  l 'avion  avec  le  champ  du  aux  chargee  apatialee  qui,  criiee  apria  le  parouaaion  du  oriatal,  aont 
entratniea  par  ce'iui-ci , 

c)  lea  oriataux  da  glace  aont,  d denaiti  igale,  infir.iment  plus  actifa  que  lea  gouttea  d 'ecu  dee  nuagee 
baa. 

4.  Lea  chargee  criiee  augmentent,  toutea  choeea  igalea  par  ailleure,  avec  la  vi tease,  la  section  droite, 
etc  . . . 


II. 3.  La  captation  dee  charges  ilectriquea  priixiatoniea 

Il  exiate,  le  phinomine  aat  connu  dapuia  longtempa,  daa  nuagaa  constitute  de  porticulee  aa  glace  ou  d'eau 
chargtee  poeitivement  ou  nigativement. 

Dane  un  cumulo-nimbus  Vaironef  peut  traverser,  suivant  eon  altitude  et  aa  position  par  rapport  d I’axe 
(a i Von  oae  a 'exprimer  ainei),  dee  tdnee  da  chargaa  positives,  nigatives  ou  dee  xdnea  de  charges  altar- 
nativement  positives  et  nigavives  et  riciproquament . 

Or, cea  charges  aont  extrimement  importantea  et  pauvent  Stre  trunaporttea  en  quaei-totaliti  aur  l'aironef . 
Ce  phinomine  de  " captation " peut  masquer  totalement  Veffet  de  frottement  et  I’effet  de  triboilectnati. 

L'aironef  pourra  Stre  done  poaitif  ou  nigatif,  par  rapport  d l ‘air  ambiant  et  ce  avec  dee  tensions 
extrSmement  ilevtes. 


II.  4.  L'tvacuation  dee  chargee  ilectriquea  pa:'  lea  diperditeurs  de  potential , volontairea  ou  non,  ou 
I'ivacuation  dee  charges  ilectriquea  par  lea  pointae  : 


l. 


Il  eat  notoira  que  loraqu'un  conducteur  ilectrique  aat  chorgi,  au  voieinage  dee  pointes,  lee  chargee 
etatiquee  ont  tendance  d a'ivacuer.  Le  phinomine  connu  dapuia  longtenpa  a 'applique  heureueement-  et 
malheui'eueement  au  caa  qui  ncua  occupe.  Bn  effet,  on  place , dapuia  de  nombreuees  armies,  sur  dee  aSronafa, 
daa  diperditeurs  de  potential  qui  eoni  toue  baaia  aur  la  propriiti  dea  pointes.  Mata  1 1 exiate  igalamant 
dea  diparditeura  mVolor.tairea  : ce  aont  lea  angles  vifs  da  cartainoa  piicea,  ca  aont  lea  antennae 
loraqu'ellea  ne  aont  paa  enoaatriee.  Bn  rigumi,  tout  ce  qui  poeaide  una  courbure  plua  ou  moma  acoantuie 
aat  auaceptible  d'ivacuer  dea  chargee  ilectroetatiquee. 

Ce  phinomdne  aa  produit  avec  un  seuil.  Malheur eueement,  lea  bruits  da  fond  xuxquela  noue  avona  fait  aUu- 
eion  dans  lea  giniralitia  ae  produiaent  bien  avanv  que  cea  ivaouatione  ccxmencent.  V autre  part,  il  n act 
paa  possible  de  faire  ivacuer  par  une  points  un  courant  extrimement  intense  an  raieon  de  la  criation  dea 
charges  apatialee  qui  freinent  le  phinomine. 

L 'ituie  mtme  de  la  dicharge  dea  pointea  dona  dea  oonditiona  d 'ambiance  d'un  airanef  eat  asses  mal  connue. 

Sous  reviendroKe  plus  loin  eur-Vaepect  de  la  dicharge  par  lea  pointea  an  parlant  dea  perturbations  qui 
pauvent  aa  produire  aur  lee  antennas  lorsqua  la  potential  d*  Vaironef  dipaeae  une  valeur  exagirie. 


II.  S.  Evacuation  dea  charges  ilectriquea  par  U$  gas  ionisie  ahauds 

Toue  lea  aironefa  poa aidant  dee  motevra  aaaurant  la  propuleion  de  aeux-oi.  Noue  donnone  au  mot  Hmoteur"  un 
aene  extrimement  giniral.  Si  on  regarde,  aur  la  plan  global,  ceci  veut  dire  qu’en  utiheant  aouvent  la 
ccmi>urant  da  Vair,  par  foie  un  euadi'rant  propra  i Vangin,  on  expulaa  daa  gas  plus  ou  moina  ahauae  vara 
l 'axtiriaur.  Or,  oaa  gaa  ont  una  ionisation  epontanie  du  fait  da  la  lenpiratura  ilavia.  Si  l ionisation 
aat  nigligeable,  done  beauooup  de  caa,  il  n'an  aat  paa  da  nine  pour  lea  mot  eur  ad  riootionjt  haute  terpi- 
rature  et  eneore  moina  pour  las  tuyirea  daa  angina,  laa  gaa  emulate  aont  extrimement  ohauos  ; louo  ne 
aont  paa  raree. 


oniais,  ila  p osaident  daa  charges  plus  at  daa  oharget  moina.  Si  lee  charges  itaient 
e xpuiaiee  an  quantitia  identiquaa,  il  aat  evident  qua  la  charge  de  Vavion  n'an  aeraitjne  affseUe  wts 
--  - to,***  true  lea  oitmaaea  nroDree  dea  ions  ne  aont  oaa  identtquaa  autvant 


Puiaque  lee  gaa  sent  ioniaia. 


if  n'an  aat  paa  ainai,  d’abord  pares  qua  laa  vitaasaa  propra  a daa  iona  na  aont.  paa  identiquaa  suivant 
laure  eignaa,  maia  igalamant  pares  qua  locaqua  l'aironef  eat  chorgi  la  chomp  ilactnque  oris  modtfia  la 
ripartition  de  oaa  charges,  ^ 


En  tout  oat,  un  fait  expfrimental  tria  n*t  mat  la  parallfliame  antra  la  charge  flactroatatiqua  d'un  avion 
rapida  at  la  poaition  daa  manattaa  daa  gaa  ainei  qua  la  euppreesion  total a da  touta  charge  flectroetati- 
que  an  poat-oombuation, 

Lae  brouillagaa 

Noue  avone  dit  plua  haut  qua  laa  chargee  ileetroatatiquee  brouillent  let,  tflfcormunicatione  et  ce  par 
divert  mfcaniemea. 

111. 1.  Augmentation  du  bruit  de  fond  dana  laa  rfceptaura  au  eene  gfnfral  du  mot 

Houb  avona  dit  qua  laa  ehargaa  flactroatatiquee  ftaient  gfnfrfea  notarment  par  triboflectriaitf, 
frottements  ou  (captation.  Dane  tout  laa  oae,  oeoi  veut  dire  qua,  lorequ'une  charge  arrive  le  potentiel  de 
V avion  monte  d'une  fagon  diecontinue.  Or,  cee  chargee  eont  loin  d'Stre  unitairea,  c'eet  <3  dire  que  la 
captation  a1  me  goutte  d'eau  chargie  dane  un  cumulo-nimbus  correspond  non  paa  3 un  Electron  maia  3 
pluaieurs  c*,itainea  et  mtme  pluaiaurs  milliera  d'flectrone  et  ce  d'une  fagon  quasi-instantanfe.  Cee  mar- 
ohee  d'eaaaliere  dane  le  potentiel  de  l 'avion  ee  traduieent  on  le  r.ait  par  l 'augmentation  du  bruit  de 
fond. 

II  en  est  de  mSme  pour  lea  dfperditeura  de  potentiel  , loraqu'un  Electron  quitte  la  pointe,  volontaire 
ou  non,  d'un  dfperditeur  de  potentiel,  il  e 'acoompagne,  par  avalanche,  d'un  nombre  relativement  flevf 
de  deecendanta.  Enfin,  le  phfnomfne  principal  concerns  lea  antennee  encastrfee  et  lea  surfaces  iaolantes 
oil  il  peut  ae  order  dee  charges  d la  foie  positives  et  negatives  qui  vont  ae  recombiner  au  fur  et  d 
mesure  de  leur  augmentation,  ces  recombinaiaons  amenant  la  diaparition  dee  charges  certea  maia  aux 
dfpens  de  la  creation  fugitive  d'un  courant  flectrique.  Toutee  ces  causes  multiples  font  que  le  bruit  de 
fond  augments  en  fonction  dee  charges.  D'ailleurs,  l 'experience  a ftf  faite  maintes  foie  : plus  la  charge 
flectroetatique  est  flevfe,  plus  le  bruit  de  fond  est  important. 

Dea  meaures,  qui  ne  eont  paa  trfs  prfcisee,  confirment  que  lea  bruits  do  fond  aont  pratiquenent  dee 
bruits  blancs.  Ils  eont  d'autant  plus  "bruits  blancs"  que  la  dimension  dee  particulee  gfnfratriaes  de 
charges  flectrostatiquea  est  petite.  Ainsi,  loraqu'un  afronef  est  chargf,  par  suite  de  frottement  des 
cristaux  de  glace,  de  cirrus  Ifgers,  autant  que  lea  meaures  pemettent  de  l 'affirmer,  on  obtient , sur 
les  antennes , un  bruit  blanc  integral.  Par  centre,  lorsqu'il  s'agit  de  traverser  des  couches  de  nuages 
cnJ  la  densitf  des  charges  est  trfs  flevfe,  le  bruit  est  loin  d'Stre  blanc,  les  composantes  basse  fi'fquence 
prenant  le  pas  sur  les  composantes  H.F.  dans  les  parasites  da  bruit  de  fond  recueil lis. 

111. 2.  Les  parasites  par  amorgage  des  dScharges 

Si  le  potential  de  I'aSronef  continue  de  monter,  il  va  se  superposer  au  phfnomfne  de  bruit  que  nous 
venons  d'fvoquer , 'e  phfnomfne  de  dicharge  Slectrique  qui  sera  cause  de  parasites  infiniment  plus  intenses. 

Lorsque  le  potentiel  augmente,  les  Slectrons  qui  sont  issue  de  la  pointe  vont  crier  une  filiation  de  plus 
en  plus  nombreuse  et  de  cette  filiation  elle-mSme  va  artiver  <3  se  crSer  une  autre  filiation.  On  a amorgS 
une  Jfcharge  en  avalanche.  Cette  dfeharge  en  avalanche  s 'acoompagne  en  g Infra l d'fmission  de  lumifre,  mis 
elle  s'accompagne  surtout  de  courants  relativement  internes  et  de  parasites  extremement  importants. 

Le  phfnomfne  s'accrott  encore  lorsque  la  df charge  peut  s'amorger  sur  une  antenne  proprement  dite.  Ainsi 
une  antenne  encastrfe  peut  ft  re  perturbfe  par  des  df  charges  qui  s'amorgent  <3  la  surface  meme  de  I'isolant 
metis  fgalement  une  antenne  type  "fouet"  peut  trfs  bien,  3 un  moment  donnf,  jouer  le  rdle  de  dfpei'diteur  de 
potentiel  involontaire  et  cn  congoit  aisfment  que  I’amorgage  d'une  ftincelle  aur  une  antenne  proprement 
dite  perturbe  le  fonotionnement  des  appareils  radioflectriques  qui  sont  Ufa  3 cette  antenne. 

Gfnfraiitfs  sur  la  mftallisation  des  afronefs 

La  mftallisation  des  afronefs  devrait,  sur  le  plan  des  charges  flectrostatiques,  etre  totale,  e'est  3 
dire  que  I'enveloppe  extfrieuve  de  l 'af rone f devrait  etre  constitufe  d'un  corps  aonducteur.  Certes,  cette 
conductibilitf  superficielle  n'a  pas  besoin  d'Stre  excellente  comme  dans  le  oas  d'un  foudroiement  mis 
elle  a besoin  d'Stre  impecoablement  continue. 

Tl'.l.  Lee  inperfections  de  la  mftallisation  superficielle 

Ceite  mftallisation  superficielle  ne  peut  pas  Stre  parfaite  pour  des  raisons  extrSmement  varifes. 

Passone  en  revue  ces  difffrenteo  raisons  : 

- a)  dea  raisons  purement  ohimiques , 

- b)  l 'utilisation  de  peintures  3 des  fins  d' identification, 

- c)  l 'existence  des  antennes  enoastrfes, 

- d)  l 'existence  des  pifees  transparantes, 

- e)  enfin,  pour  des  raisons  purement  mfcaniques , on  a 'oriente  do  plus  en  plus  vers  t 'utilisation  de  ma~ 

tifros  plastiques,  plus  Ifgfres  3 rfsistance  fgale.  ‘ 

v 

TV, 2.  Protection  par  des  couches  superficielles 

Il  n'est  pas  indispensable  d'avoir  une  conductibilitf  parfaite  pourvu  que  celle-ci  soit  continue.  En 
effet,  les  courants  3 vfhiculer  sont  toujours  trfs  faibles  et  meme  si  la  rfsistance  superficielle  n'est 
pas  nulls  ou  nfgligeable,  lee  difffreteee  de  potentiel  entre  deux  pointe  de  I'afronef  seront,  en  tout 
ftat  de  cause,  trfs  faibles. 


Le  problfma  se  scinde  en  deux  : 


8-4 


1.  piut-cn  trouvar  una  paintura  transparent*  dont  la  oonduotibiliti  *oit  indiffironta  T 
On  couhaitarait  mtm*  qu'tlla  aoit  axoallanta, 

S.  *t  daa  painturaa  dont  la  riaiativiti  paut  ttra  ralativamant  ilavia  amanant  ainsi  A oharohar  un  oonpro- 
mia  antra  la  diair  da  aupprimar  laa  ohargaa  ilaotroatatiquaa  done  A diminuar  la  bruit  dana  lj  rioaptaur 
at  la  diair  da  na  paa  atoppar  la  paaaaga  daa  ondaa  radioilaotriquaa , o'aat  i dira  da  laiaaar  la  aignal 
attaindr*  l 'antanna. 

Halhaurauaamant  il  faut  oharohar  daa  painturaa , an  aooordant  A aa  mot  un  aane  tria  gtniral,  qui 
poaaidant  daa  qualitia  diffioilae  A trouvar.  Caa  "painturaa"  doivant  itra  aolidae  mtoaniquamant,  riaiatar 
A l ’abraaion,  riaiatar  aux  aganta  ohimiquaa,  riaiatar  aux  fortaa  doaaa  d 'oaona  qua  l 'on  trouva  dana  'a 
hauta  atmoaphira,  riaiatar  aux  granda  froida  ainai  qu'A  la  grand*  ohalaur,  riaiatar  A la  dipraeaion,  aux 
paaaagaa  dana  I'aau,  braf  on  damanda  A o*a  painturaa  daa  qualitia  aaaaa  axoaptionnallamant  raaaawbliae 
at  dana  o*  aana  daa  trattaux  nombraux  ont  iti  antrapria  dijA  at  la  aont  a no  ora. 

\ 

On  na  paut  dira  ai  oaa  travaux  donnaront  aatiafaotion  totalamant,  anauita  il  na  faut  paa  oubliar  qua  las 
quaationa  da  prix  aont  tout  da  mSma  A oonaidirar. 

Ccmoluaiona 

baa  ohargaa  ilaotroatatiquaa  ont  una  influanoa  nifaata  but  laa  tilioomrunioationa,  oaoi  aat  bian  oonnu , 
mxia  il  faut  raoonnattra  qua  l 'on  a'aat  hubitui  A aat  inoonviniant,  dana  l 'impcaaibiliti  da  luttar  oontra. 

A I'haura  aotualla  oA  la  problima  daa  oomunioationa  daviant  da  plua  an  plua  important,  oA  laa  arraura 
da  tranamiaaion  qu'allaa  aoiant  analogiquaa  ou  logiquaa  dana  daa  oaleula  oil  I'intalliganoa  humaina 
n'intarviant  plua,  la  priaanoa  da  ranaaignamnta  arronia  ou  brouillia  paut  antratnar  daa  oataatrophaa 
axtrimamant  gravaa. 


Charlaa  FEVPOT,  Inginiaur  Ef/SPt'I,1974,  "Laa  ohargaa  ilaotroatatiquaa  at  laa  parturbationa  qu'allaa  antrat- 
nant  done  laa  liaiaona  radioilaotriquaa" 


DISCUSSION 

F.  D.  GREEN:  Since  papers  9 and  10  were  not  presented,  and  Dr,  Fevrot  did  not  mention 

it,  I feel  that  some  mention  should  be  made  of  precipitation  static  for  the  ground 
environment.  I know  that  this  exists  at  HF,  and  is  relevant  to  air-ground  communi- 
cations, particularly  with  long-range  patrol  aircraft. 

At  CRC  we  have  noted  severe  rain  and  snow  static  on  HF  log  periodic  directional 
antenna,  and  that  an  inverted  HF  discone  antenna  is  much  less  affected.  I would  be 
interested  to  know  if  anyone  here  has  had  or  know3  of  precipitation  static  on  air- 
ground  links  at  VHF  and/or  UHF.  I realize  that  data  can  be  obtained  only  when  a storm 
provides  the  opportunity. 

G.  H.  HAGN:  No  one  in  the  audience  seems  to  have  experienced  this  problem  at  frequen- 

cies above  HF.  Perhaps,  because  the  frequency  spectrum  of  the  corona  causing  this 
interference  is  falling  off  with  increasing  frequency,  the  noise  from  this  source  can 
be  smaller  than  the  noise  from  other  sources  at  VHF  and  above. 

DR.  HARTH:  Permit  me  to  show  a slide  which  indicates  the  direction  and  approach  of  a 

storm  centre  over  the  Bay  of  Biscay.  This  slide  was  obtained  from  a direction-finding 
system  operating  at  VLF.  It  could  be  possible,  under  certain  conditions,  to  anticipate 
when  precipitation  static  might  occur,  and  hence  plan  an  experiment  to  look  for  this 
effect  at  VHF  and  UHF. 
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Sunmary 

Equations  describing  the  propagation  of  plane  waves  through  a medium  containing  axisymnetric  rain  drops 
are  presented.  They. lead  to  a general  expression  for  the  cross  polarisation  parameter. 

A transfer  equation  involving  the  stokes  spectral  parameters  associated  with  the  electromagnetic  field  in 
this  medium,  is  also  given.  The  solution  of  this  equation  shows  that  a polarisation  of  the  thermal 
emission  in  the  atmosphere  can  be  caused  by  rain. 

The  evaluation  of  the  cross  polarization  parameter  from  v.  emission  measurements  is  also  discussed. 

1 . Introduct ion 

Microwaves  with  wavelengths  in  the  centimeter  and  millimeter  ranges  are  strongly  affected  by  the  precense 
of  rain.  The 'individual  raindrops  absorb  and  scatter  the  incident  wave,  the  absorption  being  dominant  at 
frequencies  below  IS  GHz  [16].  The  combined  effects  of  these  mechanisms  causes,  amoungst  others,  the 
attenuation  of  the  traversing  wave.  The  non  spherical  shape  of  raindrops  with  an  axial  symmetry,  combined 
with  a non  random  distribution  of  the  orientations  of  their  axes,  generally  lead  to  a depolarization  of 
the  propagating  wave.  Consequently,  serious  performance  degradation,  due  to  rain,  might  be  expected  for 
frequency  reuse  systems. 

The  application  of  a frequency  reuse  system  to  satellite-to-ground  telecommunication  has  stimulated  some 
relevant  investigations  on  this  matter  [l]-[6].  In  this  paper  we  shall  deal  with  some  further  theoretical 
investigations  concerning  the  propagation  of  electromagnetic  waves  through  rain.  Some  aspects  of  the 
associated  thermal  emission  will  also  be  presented.  We  have  assumed,  that  multiple  scattering  effects  are 
negligible. 

2.  Mathematical  model 


The  basic  assumptions  underlying  this  article,  which  concerns  the  propagation  of  radio  waves  through  a 
rain  filled  medium,  are  the  following: 

A.  Composition  of  the  rain  drop. 

The  rain  medium  is  composed  of  axisymmetric  raindrops,  i.e.  each  raindrop  has  an  axis  of  rotational 
symmetry.  These  raindrops  may  be  of  different  types  (for  instance  spheres,  oblate  spheroids,  prolate 
spheroids,  etc.)  and  of  different  sizes,  an  effective  radius  r being  a measure  for  the  latter.  The 
orientation  of  each  raindrop  is  fixed  by  the  unit  \cctor  tty,®)  (Fig.1)  along  its  axis  of  symmetry, 
where  ^ and  0 are  called  the  canting  and  incident  angle  respectively;  in  the  orthogonal  xy* 
coordinate  (Fig. 2)  the  % axis  is  taken  along  the  propagation  direction  of  the  incident  wave,  while 
the  |£  axis,  perpendicular  to  it,  should  be  ir.  a horizontal  direction. 

The  composition  of  the  rain  medium  is  characterized  by  the  distributions  density  for 

raindrops  of  a certain  type,  labelled  l>  , where 


(2.1.1) 


represents  the  number  of  this  type  per  m^  that  have  their  effective  radii  P , their  canting  angle  ^ 
and  their  angles  of  incidence  2)  situated  in  an  infinitisemal  interval 


B.  Statistically-independent  single  scattering. 

This  assumption  implies  that  the  relevant  electromagnetic  properties  of  the  raindrops  are  sufficiently 
described  by  the  forward-scatter  complex  amplitude  functions  for  each  of  those  raindrops.  For  an  axi- 
sysxsetric  raindrop  these  functions,  viz.  and  s, «)  for  a special  drop 

type  labelled  L , occur  in  the  relation  (Fig. 3) 


axR 


(2.1.2) 


1 


where  //  «nd  .L.  refer,  respectively,  to  the  component  of  the  electric  field  i»  the  "plane  of 
incidence"  (containing  the  propagation  direction  and  the  symmetry  axis),  and  the  component  perpendicu- 
lar to  iti  both  theae  components  are  parallel  to  the  plane  in  view  of  ( heTE  character  of  the  wave, 
i The  relation  (2,1,2)  determines  the  forward-scat terod  field  at  a distance  R versus  the  incident  field 
^ [4];  Oi  represents  the  angular  frequency  of  the  harmonic  time  dependence. 

The  diagonal  character  of  the  matrix  in  Kq.  2.1.2  is  a consequence  of  the  assumed  symmetry  property  of 
the  raindrops. 

The  relation  between  the  l(  and  Jf  components  of  the  incident  and  the  scattered  field  may  now  be 
obtained,  for  an  arbitrary  orientation  of  the  raindrop  by  applying  suitable  rotational  transformation 
to  2.1.2  (Fig. 4).  Thin  results  in 

R-tifb1  '■’iK  .... 

Id  «/Jr  a]w  -/M 


or,  worked  out,  in 


g-jU  f vM+!&  *f  <$-£)*&■  1 
itK  \ ' t!  ,'‘ 


tl . Pure  absorption. 

The  single  scattering  albedo  defined  as  the  ratio  of  energy  scattered  to  energy  lost  through  both 

scattering  and  absorption  (of  1 1J] , 1 16])# ia  taken  to  he  *ero. 

n.  l.ocal  thermodynamic  equilibrium  of  the  rain  medium. 


3.  Propagation  of  a plane  wave  through  the  rain  medium 


3.1.  The  differential  equation 


According  to  our  model  the  complex  roonochromat icT6  vave  travels  through  the  rain  medium  in  the  31  direction. 
lt»  electric  field  FW  has  the  form^" 


Ei(a)  — EaW  ^ > 


(3.1.1) 


where  and  arc  complex  funct  ions  of  2 , while  ttf  and  (j^  are  the  unit  /ectors  in  the  X and  If 
directions  respectively.  The  above  assumption  of  s-at ist leal ly- independent  single  scattering  leads  to  a 
differential  equation  of  the  type  (cf  ]4]) 


-fa  Eh) 


(3.1.2) 


with  che  2x2  t rauamina ion  coefficient  matrix  I . This  matrix  has  the  following  form  with  respect  to 


with  che  2x2 
the  bases  Uj 


ra 


» . * 

tin  C dependence  has  been  omitted. 


(3.1.3) 


Che  elements  of  which  are  obtained  by  a summation  of  the  elements  in  Eq.  2.1.4  over  the  individual  drops 
of  various  types  contained  in  an  inf initisemal  slab  perpendicular  to  the  g axis.  The  resulting  expressions 
read: 

g.“>  ^ * 


(3.1.5) 


eigenvectors  as  b 
and  |^say, 


In  general  differs  from  zero.  However,  ^ has  a diagonal  representation  with  respect  to  its  own 

eigenvectors  as  bases;  the  eigenvalues  than  constitute  the  diagonal  elements.  The  normalized  eigenvectors, 
and  their  corresponding  eigenvalues  ur.  , can  be  derived  by  solving  the  equations 

A A 

.g.  with  respect  to  the  bases  Ujg  and  U(|  . The  solution  is  represented  by 


j nJ 


(3.1.6) 


where  and  are  the  real  and  imaginary  parts  of  the  "effective  average  complex  canting  angle"  ^ , 


which  in  turn  is  to  be  determined  from  the  relation 


(*4)=  <■£. 


(3.1.7) 


Eq.  3.1.8  shows  that  £ is  independent  of  J provided  that  the  distribution  densities  and  do  have 
this  property.  The  medium  then  admits  two  non-interfering  chanels,  i.e.  the  elliptically  polarized 
electric  field  components  Eji^and  , directed  along  the  complex  directions  and  r^,  propagate 

through  a medium  without  interfering  with  each  other.  These  two  elliptical  polarizations  reduce  to  two 
orthogonal  linear  polarizations  in  the  case  of  a real  £ . 

As  an  illustrative  example  we  shall  consider  the  case  of  a rain  medium  composed  of  raindrops  of  a single 
type  only,  and  for  which  the  relation 


Sin  6 , 


(3.1.8) 


with 


aS^no)=^l:r1f,w)_s&^»)  , <>•■•»> 

holds.  This  situation  corresponds  to  dipole  approximations  of  the  raindrop  scattering  mechanism  (cf  [13]). 
In  this  approximation  each  raindrop  is  characterized  by  three  planes  of  symmetry  with  the  property  that 
an  electric  field  vector  parallel  to  any  of  the  three  associated  principle  axes  induces  dipole  moments 
proportional  to  this  field  vector.  The  scattered  field  can  then  be  derived  from  the  values  of  these  di- 
pole moments.  In  this  situation  Eq.  3.1.7  reduces  to 


f-y 


“■‘■te 


^.0  AS fon>)  Xnlt/itiiftjrMJiB 

far,  #6)  AS <r,4o)  c«  (t/)  sif  t JrJ/Jfi 


(3.1 .10) 


If  next,  moreover,  the  distribution  of  the  orientation*  of  the  raindrops  happens  to  be  independent  of 
their  sites,  i.e.  if  then  will  become  real  ^sO  according  to  the 

relation 


I •)  cMUft)  sift  JtfJ* 


(3.1. II) 


The  two  eigenvectors  then  represents  two  orthogonal  linear  polarizations;  in  the  case  of  a homogeneous 
medium  these  polarizations  do  not  interfere  throughout.  From  this  special  example  it  may  be  inferred  that 
the  possible  dependence  of  the  raindrop  orientations  on  their  sizes,  and  on  the  differences  on  their 
shapes  may  lead  to  a complex  value  of  ^ 

3.2.  Solution  of  the  differential  equation;  the  cross-polarization  parameter 

The  evolution  of  the  TE  wave,  as  it  propagated  from  \ to  2 through  the  rain  medium,  can  be  described 
by  the  solution  of  Eq.  3.1.2.  This  solution  may  be  represented  by 


(3.2.1) 


where  the  evolution  matrix 


results  from 

-t. 


EU)  t 

:ion  matrix  ?U  *•',*)  1 * . 

St  1 i with  ^ being  the  unit  matrix  operator  in  the  AJJ  space;  the  other  ere 


(3.2.2) 


here 

to  be  determined  from  the  recurrence  relation 

is'  > 

the  other  relevant  quatnities  are  defined  by: 

Mghci  ’t-c-c- 

and  by  the  following  matrix  referring  to  the  bases  fi.A. 


(3.2.3) 


(3-2.4) 


U1 


<:)■ 


(3.2.5) 


in  the  representation  with  respect  to  X and  we  should  have 


Uid 


(3.2.6) 


The  cross-polarization  parameter  XFL  , a measure  for  the  depolarization,  is  defined  by  (cf  [5]) 

XPLU.,i) « l&W  I"  , 

|B,w| 

provided  that  tuCta^sO* 

Applying  Eq.  3.2.1  to  this  definition  gives 


(3.2.8) 


XPLft..a)=t  *&(».«■>  , 

I If,  <»,*>! 

which  is  in  general  an  inconvenient  expression  for  calculations.  However,  if  the  rain  path 

causes  only  weak  depolarisation  effects,  i.e.  if  / 


!(*-2o)Sp|«l, 


(3.2.9) 


the  series  in  Eq.  3.2.2  will  converge  rapidly.  In  this  case  only  the  matrix^  is  wanted  for  an  approxi- 
mate analysis.  A first-order  approximation  of  the  cross-polarization  parameter  is  then  given  by 


The  integrand  here  occuring  can  be  represented  as  follows 


where 


This 


*[!**“£  ’ • 


(3.2.10) 


(3.2.11) 


(3.2.12) 


is  formula  shows  that  the  value  of  XfLmay  increase  if  the  effective  average  canting  angle  4^  is 
complex  instead  of  real.  Fig.  S shows  | | *"  and  I***)!*  as  functions  of  £ and 

. This  quantity  indicates  the  increase  of  xn  due  to  the  imarinary  part  of  £ , whe.  the  rain  medium 
is  homogeneous. 

3.3.  The  electromagnetic  parameters  of  rain 

The  electromagnetic  properties  of  a rain  medium  which  agree  with  the  given  model,  are  completely  determined 
by  the  functions  Hi<*>  and  . Macroscopically  these  functions  only  appear  in  the  three  indepen- 
dent parameters  (t«>  , Therefore,  these  three  parameters  may  be  used  to  characterize  the 

rain  medium:  this  characterization  will  be  useful  in  particular  if  the  parameters  in  question  can  be 
related  to  the  rain  intensity 

4.  Thermal  emission 


4.1.  The  transfer  equation 

It  is  known  that  in  general  any  absorbing  medium  emits  noise  like  electromagnetic  energy,  known  as  the 
thermal  emission.  The  power  spectrum  of  this  emission  is  related  to  that  of  a blackbody  (cf  [9]),  at  least 
if  the  medium  is  in  a state  of  local  thermodynamic  equilibrium. 

Let  us  consider  a plane  wave  propagating  in  the  direction  of  the  ft  axis.  The  complex  analytic  electric 
vector  of  such  a wavJ  may  be  given  by 


(4.1.1) 


El»,0  s ♦ 6^0%  t 

where  MM)  and  are  complex  analytic  functions  (cf  [10], [11]),  while  and  are  two 

independent  unit  complex  vectors  in  the  Xf  plane.  Since  the  field  due  to  thermal  emission  is  of  a 
stochastic  nature  it  is  often  convenient  to  describe  it  by  a set  of  suitably  defined  correlation  parameters. 
The  Stokes  correlation  parameters,  which  may  be  combined  in  a single  correlation  vector 


r 


(4.1.2) 


! 


are  given  by 

ffibfr)  = flt£<Ep(4,l*'r-)E^<4,t)^  +■  < E^(*i,0 E^a, t *r )>}  , 

£**i*/r)  = e(. j^<Ef(M«-e)£j(*,0>  - < EjT(?,  t)  Ef<a, t+tj> } . 

The  ensemble  average  will  be  assumed  to  be  identical  with  the  time  averages,  i.e.  the  field  is  ergodic 
[12] . We  then  have  for  all  relevant  averages 

a . /“T*  . 


(4.1.3) 


< >=  lim.  i(! Jb  <«•'•*> 

o C is  a constant  of  such  magnitude  and  dimension  that  £u,o)  and  £*(*,©)  may  be  interpreted  as 

the  power  flux  density  per  radians2,  at  2 , flowing  in  the  % direction.  The  normalization  of  power  per 

2 2 . . . 
radians  in  place  of  the  more  usual  power  per  meter  is  due  to  the  fact  that  the  thermal  emission  field 

must  be  regarded  as  being  made  up  of  inf initisemal  plane  waves  summed  up  over  ail  directions. 

The  Stokes  spectral  vector  1 (4&4  will  now  be  introduced  as  the  Fourier  transform  of  the  Stokes 

correlation  vector,  so  as  to  have 


Swill  now  be  introduced  as  the  Fourier  transform  of  the  Stokes 


«*)eJ  dr  . 


(4.1.5) 


From  these  definitions  we  infer  that  all  Stokes  spectral  parameters  are  real  functions  of  2 and  <0  . 

The  propagation  of  an  electromagnetic  field,  characterized  by  its  Stokes  spectral  vertor  , is  governed 
by  the  extinction  and  emission  mechanisms  in  this  medium.  In  fact,  by  considering  the  variation  of  the 
Stokes  spectral  vector  after  propagation  through  a slab  of  thickness  , a radiative  transfer  equation 
of  the  following  form  can  be  derived 


. !(*,*«>)  — 5(i,  v)j 


(4.1.6) 


o 

o 

o 

0 

o 

o 

0 

o 

X* 

o 

o 

x" 

Our  rain  medium  model  explains  the  first  term  of  the  right-hand-side.  If  p and  ^ refer  to  the  components 
of  f with  respect  to  the  normalized  eigenvectors  fV  and  the  explicit  form  of  JC  then  results 

from  the  application  of  Eq.  3.1.2  when  differentiating  Eq . 4.1.5,  remembering  Eq.  3.1.5.  We  thus  find 


(4.1.7) 


where  the  elements  are  given  by 

i N»  = **g,P  i *■**=***= 

As  to  the  second  contribution  in  Eq.  4.1.6,  we  there  have  to  do  with  the  source  function  vector 
representing  the  tnermal  emission.  The  explicit  form  of  this  source  function  may  be  obtained  by  considering 
a homogeneous  rain  medium,  of  temperature  1 , that  is  in  a state  of  thermodynamic  equilibrium  with  an 
enclosing  blackbody  radiator  of  the  same  temperature.  The  second  law  of  thermodynamics  supplemented  by  the 
well  known  expression  of  the  power  spectrum  for  blackbody  relations  leads  to  the  following  form  of  3 
referring  to  the  bases  i.s, 


S o,o}  ftyCT) 


(4.1.9) 


^Ct)  being  Planck's  function  for  blackbody  relation;  T is  the  temperature  of  the  medium  at  g : V 

is  the  frequency  in  Hz  i.e.  VaCO/llC. 

Eq.  4.1.6  is  a generalization  of  the  classical  transfer  equation  for  non-scattering  media-  it  reduces  to 
this  classical  form  (cf  [13])  when  the  medium  is  isotropic  so  that  equals  . 


9-7 


r'T 
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4.2.  Solution  of  the  transfer  equation 

The  general  solution  of  the  radiative  transfer  equation  can  formally  be  represented  by  an  analysis 
analoguous  to  that  given  in  section  3.2  for  Eq.  3.1.2  without  an  emission  term.  We  find 

where  t tie  4x4  evolution-metrix  operator  R.  is  given  by 

here  «,=  ! , while  the  other  's  result  from  the  recurrence  relation 

Ru, v,  = -5J_6^w)5kuwh-  &,*>)  S,^^]  R(>. »•>**>) h'  > 

is  here  defined  as 

f * 

pU,4.u>)=)  , 

where  the  average  extinction  coefficient  is  given  by 

x..>c"=K»=t(wji„)=n.ct:+r.)  > 

the  4x4  matrix  operators  and  JD.  are  defined  by  the  following  representations  referring  to  the  bases 

A A ^ J 

U*  and  ILj 


(4.2.1) 


(4.2.2) 


(4.2.3) 


(4.2.4) 


(4.2.5) 
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i 

.(4.2.6) 


where  the  following  abbreviations  have  been  used 

Sis  S»*(2.j4)  , c*  s G*(2f^)  , , ck  - cmK(2^)  . 


(4.2.7) 


The  solution  of  Eq.  4.2.1  is  as  follows  if  S is  assumed  constant  throughout  the  integration  path 

1(1,10)=:  ](*.,•))*♦- £ l - fl.(«,4>u)]  5(u>)  . (4.2.8) 

The  independence  of  S on  1 means  that  the  temperature  throughout  the  "rain-path"  should  also  bt 
independent  of  ■&. 

A first  order  approximation  of  Hu,*;*)  may  be  juotified  whenl|^  and  are  sufficiently  small.  By 
substituting  this  approximation  in  Eq.  4.2.8  and  by  using  the  Rayleigh-Jeans  approximation  for  By  . an 
expression  is  obtained  for  the  difference  between  the  emission  temperatures 


i;u>  = •ixA1- £ !„(*) 

A 

for  ||*  polarization,  and 

l^u)=  nr^  l,u) 

A 

for  ^ polarization.  We  find 


(4.2.9) 


(4.2.10) 


1T‘*>-T>>=  » e f'cr-Tk)  J.  t i'  (4.2.1,) 

In  the  derivation  the  incident  radiation  at  has  been  assumed  to  be  the  completely  unpolarized  sky- 
emission  radiation  so  that 

!)(*•)  *j^b  , (4.2.12) 

being  the  well  known  Boltzmann  constant. 

Eq.  A.2.II  shows  that  the  thermal  emission  in  the  atmosphere  due  to  rain  may  be  a little  polarized. 

Figures  6 and  7 show  -Tj  as  functions  of  different  rain-path-lengths  l_  m l-2«  and  rain 

intensities  p for  a frequency  of  II  GHz.  It  has  been  assumed  there  that  the  raindrops  are  of  the  oblate 
spheroidal  type  and  that  all  of  them  are  oriented  according  to  »5*,  e.9o*  ; the  values  used  for  the 
extinction  coefficients  are  those  given  by  [ I 4 ] where  Laws  and  Parsons  raindrop-size  distribution  has  been 
assumed.  These  figures  show  that  the  above  mentioned  polarization  of  thermal  emission  due  to  rain  is  quite 
small,  |a1  jbeing  always  smaller  than  3 K in  the  range  considered. 

The  polarization  of  thermal  emission,  as  derived  above,  is  due  solely  to  the  anisotropy  of  the  medium.  It 
is  possible  to  show  (cf  Appendix)  that  multiple  scattering  effects,  which  is  only  operative  if  does 

not  vanish,  may  also  cause  some  polarization  of  the  thermal  emission. 

Nevertheless,  if  the  frequency  considered  is  not  too  large,  'tog  will  have  a small  value.  Consequently, 
in  this  case,  the  anisotropy  of  the  medium  will  still  be  the  main  source  of  polarization  (Appendix) . 

5.  The  relation  between  emission  temperatures  and  the  cross  polarization  parameter 


(A. 2. II) 


The  above  consideration  on  thermal  emission  phenomena  suggest  the  possibility  to  use  thermal  emission 
measurements  to  calculate  the  parameter  XPL  • Also  of  interest  is  the  number  of  rain  parameters,  such 
as  that  may  be  determined  from  such  measurements.  The  usefullness  of  this  method 

will  depend,  first  of  all,  on  whether  the  model  used  to  derived  the  relationships  between  the  relevant 
parameters  is  reliable,  since  this  model  must  sufficiently  describe  the  proceses  that  takes  place  in  the 
physical  situation. 

The  most  general  model  introduced  above  does  not  seen  to  yield  simple  relationships  between  thermal 
emission  strenghts  and  XPL.  We  may  compare,  for  instance,  Eq.  A.2.1I  together  with 


Tu)  a Aa] & 


With  the  equation  for  the  cross  polarization  parameter  Xfl  as  given  by  Eqs  3.2.10  and  3.2.11.  However, 
the  factor  can  be  determined,  as  shown  by  several  authors  [7],  [8],  from  measurements  of 

or  "TJJwhen  use  is  made  of  estimates  for  "T* and  . In  order  to  be  able  to  relate  the  cross 

polarization  parameter  Xfl  to  the  temperatures  "Tjj  ^ aT,T*>  more  information  concerning  the  rain 
structure  should  be  available.  This  information,  together  with  the  possible  existing  relationships  between, 
for  instance,  and  may  then  deliver  useful  equations.  Figures  8 and  9 show 

and  £a  ‘BAR  respectively  as  functions  of  the  rain  intensity  ^ ; it  has  been  assumed 
here  that  all  the  raindrops  are  of  the  oblate  spheroidal  type,  and  that  all  the  raindrops  are  equally 
oriented  with  0a*  i Che  size  distributions  are  those  of  Laws  and  Parsons,  while  the  frequency  is  II  Ghz. 
Table  1 indicates  the  parameter  that  may  be  estimated  when  some  information  on  the  rain  medium  is  given 
together  with  some  measured  values  of  the  thermal  emission  temperatures. 

The  following  example  serves  to  illustrate  the  principles  presented  above. 

Consider  a rain  medium  with  the  following  properties 

a)  the  distribution  density  Sfc(  »,<I^I>/N^4and  the  shapes  of  the  occuring  raindrops  are  such  that  the 
average  effective  canting  angle  fit*)  is  real. 

(Ittthe  incident  relation  at  the  boundary  of  the  rain  medium  is  the  totally  unpolarized  sky  emission 
radiation  so  that  and  T™  vanish  at  that  boundary  while  is  26  K . 

(U0the  temperature  of  the  medium  is  constant  throughout  the  rain  path  with  a value  of  290  K. 


In  this  medial  the  following  values  are  supposed  to  have  been  measured,  at  II  GHz 


■irCXT  ♦Tj ) » Uo  k t 
sr  * 5K , 

-r<*> 


f-f 


(5.2) 


* 1.4* , 

T41>  = OK. 

The  vanished  7*  is  a consequence  of  the  fact  that  the  incident  radiation  at  the  boundary  is  totally 
unpolarized,  as  can  be  seen  from  Eqs.  4.2.6,  4.2.7  and  4.2.8.  Next,  since  ^ vanishes,  the  following 
expressions  hold 


(5.3) 

T*>=  i 

(5.4) 

aT=  zef1'#- 

-TT~)  , 

(5.5) 

XPL*t|„jcp 

1 * 

(5.6) 

C.  in  (5.6)  is  to  be  estimated  from  the  slowly  varying  curve  given  by  Fig.  6,  e.g.  C*?. 
An  expression  for  XfU  can  be  derived  by  substituting  Eqs.  5.3  and  5.4  into  Eq.  5.6, 

-W)/ » - . via* 


*n.  til  IT’fr-TI.KHO 
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Substituting  the  given  values  of 

XPL  w o-xi  10" *" 


(5.7) 


and 


in  the  above  equation,  we  find 


(5.8) 


Moreover,  if  ^ is  a constant,  this  parameter  proves  to  be  related  toT")^,"!^  1 7rtl  / as  shown  by  the 

00 


(5.9) 


relation 

_ . • . .o 

For  temperatur.  i.untione-  ove  Ik,  is  approximate!"  15  . 

6.  Conclusions 

The  average  effective  canting  angle  ^ , introduced  in  this  paper,  proves  to  be  an  important  quentity  in 
the  depolarization  theory  of  rain.  A dependence  of  raindrop  orientations  on  their  sizes  leads  generally  to 
a complex  value  of  the  quantity  ^ . Moreover,  the  occurence  of  raindrops  of  different  shapes  may  also 

produce  this  effect. 

The  determination  of  the  average  effective  canting  angle  ^ is  useful  since  the  cross  polarization 
parameter  XPL  depend  on  it. 

However,  because  of  the  i ,il  inforr  on  the  statisitcs  of  raindrop  orientations  it  is  not  yet 

possible  to  get  a reliable  value  of  the  quantity  <j^  . The  statistics  of  along  the  rain  path  are 

needed  as  well,  for  instance  if  is  real  and  alternates  randomly  between  equal  positive  and  negative 

values,  while  is  constant,  then  Eq.  3.2.10  shows  that  the  XfL  will  vanish,  at  least  to  a first 

order  approximation. 

We  wish  here  to  point  out  that  a model  e—  ing  the  canting  of  the  individual  raindrop  has  recently  been 
put  forward  by  Brussaard  [15].  In  this  m.-.^el  the  laminar  flow  of  air  directly  above  the  earth's  surface 
has  been  shown  to  be  an  important  factor  in  the  effectuation  of  the  said  canting  of  the  raindrops. 

The  effect  of  thermal  emission  has  been  described  by  the  Stokes  spectral  parameters  and  it  has  been  shown 
that  the  propagation  of  these  parameters  through  the  rain  is  governed  by  an  equation  that  is  a sight 
generalization  of  the  classical  transfer  equation  for  non-scattering  media. 

The  solution  of  this  equation  shows  that  thermal  emission  in  the  atmosphere  due  to  rain  may  be  a little 


wo 

polarised.  Further,  it  seems  that  under  certain  circumstances  neaeurenente  of  thermal  eoiesione  may  be 
ueed  to  calculate  value*  cf  the  cross  polarisation  parameter. 

Finally,  we  mention  here  that  measurements  of  thermal  emission  temperatures,  using  a double  Dicke  radio- 
meter Fig.  II,  are  now  being  carried  out.  The  results  of  these  measureeients  will  be  published  in  the  near 
future. 
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Appendix 


Let  ui  consider  a rain  medium  for  which  the  f flowing  transfer  equation  holds 

-(?•  I?,?)  =^f*{  tf,/>  -o-**)S<o  ?•?">  W*  Jjy*j 


f-// 


(Al) 


where 

^ « direction  vector 
f • space  coordinates 

fa/J  « the  Stokes  spectral  vector,  at  f , representing  the  power  flow  in  direction  / 

- the  4x4  extinction  matrix,  at  t 

k albedo  for  single  scattering,  the  ratio  of  energy  scattered  to  energy  lost  through  both 
scattering  and  absorption 

the  phase  matrix,  that  gives  the  fraction  of  the  power  flow  in  yd* direction  that  is 
scattered  in  the  ji%  direction 
^£1^*  “ an  element  of  solid  angle  in  the  direction  ^ . 

Eq.  Al  is  a generalization  of  the  classical  transfer  equation  for  a scattering  and  absorpting  medium  [13], 
[16].  The  generalization  being  apparent  from  the  tensor  form  of  the  extinction  coefficient  Jt.  . 

The  third  term  in  Eq.  Al  represents  the  contribution  of  scattering  to  the  total  variation  of  1 in  the  £ 
direction. 

In  this  article  it  is  assumed  that  “tip  is  zero.  In  reality  it  is  not  zero.  However,  for  a certain 
frequency  and  rain  intensity  range  'ttif  han  a small  value. 

In  this  case  a Born  series  representation  of  may  be  used  to  solve  Eq . Al 


ur./l  = JL  “fe/>  . 


(A2) 


By  substituting  Eq.  A2  in  Eq.  Al , and  then  arranging  and  grouping  the  elements  in  the  equation  to  equal 
powers  of  , the  following  equations  can  be  obtained 


1 a?: 


J A 

'tfr 


f)  a -5 if)}  , 

t^(r) - f') "Ifc f)^.}  , 


(A3) 


(A4) 


(A5) 


Eq.  A3  has  the  same  form  as  a transfer  equation  for  a non-scattering  medium,  in  fact  by  choosing  0s  > e 
can  see  that  it  is  the  same  equation  as  Eq.  4.1.6.  The  term  !>  gives  the  error  obtained 

when  we  use  Eq.  4.1.6  in  place  of  the  rigourous  form  of  Eq.  Al.  .. 

Toacquire  some  idea  concerning  the  magnitude  of  this  correction,  we  shall  estimated  for  the  following 

situation,  conforming  to  the  illustration  given  in  Fig.  9.S 

1 . the  rain  medium  extends  indefinitely  in  the  horizontal  plane  and  is  enclosed  below  and  above  by  a non- 
scattering ground  an  cloud,  resp.,  the  2 direction  is  taken  to  lie  in  the££  plane. 

2.  the  rain  medium  is  homogeneous  and  isotropic,  i.e.  ]t*  X«T  with  *•  being  independent  of  F 

3.  the  temperature  T*  of  the  rain  medium  is  constant  and  is  equal  to  the  ground  temperature. 

4.  the  ground  is  considered  to  be  a blackbody  radiator. 

5.  the  cloud  is  assumed  to  be  non-reflecting,  the  emission  there  being  the  totally  unpolarized  sky  emission, 

6.  the  phase  function  is  Rayleigh  phase  function  [13],  and  is  given  by  the  following  representation 
referring  to  a local  spherical  coordinate  system: 

, StaV'SfcfV5’-**  CM^lF'Cs**^  \ 
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Cojv 
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(A6) 


In  view  of  the  assumed  homogeneity  of  the  medium  only  the  first  two  components  of  the  Stokes  spectral 
vector  is  of  interest,  this  explains  the  2x2  dimension  of  A6;  C r,t)  and  (*V) 


//  i Y,  7 • ’ ' 

rj  indicating  the  fi  and  P directions  respectively;  the  orthogonal  linear  polarisations  have  been 
taken  along  the  meridian  and  longitudinal  directions  respectively. 


The  solution  of  Eq.  A3  is  now  given  by 

4) 


,f)£ 


+0-  e 


)5 


This  formula  substit"*.'  in  Eq.  A4  delivers  the  expression 


where  use  has  been  made  of  the  relation 


= 4icS 


(A7) 


(A8) 


(A9) 


which  is  here  valid  since  $ is  independant  of  the  direction  J*  . 

In  Eq.  A8  we  may  choose  the  boundary  points  C in  such  a way  that  the  integral  on  the  right  hand  side 
may  be  split  in  two  terms 


* ■ 

the  first  refers  to  all  boundary  points  on  the  ground  and  is  zero  in  view  of  the  assumed  blackbody 
character  to  the  ground,  i.e,  ,/  while  the  second  refers  to  the  boundary  points  of  the 

clouds  and  may  be  approximated  by 


(At  0) 


_ ± 

4«T 


. - *•?'-(  r-C) 

?,/•)£  7 Jjy.  , (a.. 

a 

. Now,  by  choosing  and 

we  obtain  for  the  solution  of  Eq.  A 8 the  following  expression 


(AI2) 


(A13) 


V>\  f f' /A-***’.  fii 

- \ h'  e % k,  k Ah' 

V)  4 * J«  I/1''  \ ] ' 

where  ^ A'=C«+\ 

We  are  in  the  first  place  interested  in  the  polarization  of  ) i.e.  in  the  term  A ] — > — U 

a1  == **<T> «*  , 

with 

4 *•  e • (a,4) 

By  splitsing  Q in  a positive  and  negative  part  we  can  give  the  following  estimation  for  141 

141  <(^^.{1^,1 £SL}.fc. 

With  the  aid  of  this  expression  we  obtain  the  following  estimation  of  T'Wfc' A i|: 

J < " j)  ^ ^4*1  1 


(A15) 


(AI6) 


or,  using  emission  temperature  concepts  (cf  Eq.  4.2,9) 


(AI7) 


|«*  *“1&J  | < fOyrtCJf  - 1 ) T e'^lVi  • 

We  can  compare  Chia  formula  with  the  expreaeion  delivered  by  Eq.  4.2.11 


I at)*  «.-tl|^cosCi^)|  e 


-h#U 


(AI8) 


where  ^ ia  aaaumed  real,  while  all  the  variablea  are  taken  to  be  independent  of  ^ . The  polarization 
of  thermal  emisaion  temperatures  caused  by  anisotropy  is  larger  than  that  caused  by  scattering  if 


<*<  **  > 

\yr 


(A  1 9) 


we  also  have  the  following  estimation 


(A20) 


Table  2 shows  and  for  different  rain  intensities  p , at  1 1 GHz  when  tU^kaet, 

fa* \ 10*  ; the  values  used  fc*  SK,  and  .K*  have  been  taken  from  [14],  where  Laws  and 

Parsons  distribution  has  been  a sumed;  while  tQ(  has  been  interpolated  from  a figure  given  by  [16], 

This  table  shows  that,  at  II  HCr.,  polarization  of  sky  temperatures  is  mainly  due  to  the  anisotropy  of 
the  rain  medium. 


Relevant  parameter*  : 

V*R  +-*I»  rR  *5IR  *6TL  • Lt 
53  •/6r|*)d*. 

Theoretical  relationship*  : 

TR1 : SI^-cSl^  , 

TR2:  6rR-  qrR. 


XPL, 


0-/  r^)dr 


53  -/5rR(*)d*  , 


Information  Parameters  that  may  be  derived  from  measurements  of: 


available. 

T 

X 

Tx,Ty  or  Tx,AT 

T ,T^ 
x’ 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 X 
1 s— ' 

1 H 

1 a 

1 H 

1 <3 

1 * 

1 X 

1 £- 

1 

None 

0 

0 

0 

0 

♦j-0. 

0 

0 

0 

0 

(Jjj.-O, 

TR1  . 

0 

0 

0,XPL 

0,XPL 

<J>0  is  a con- 
tant. 

P 

0 

0 

0 

4»0  is  a cons- 
tant „ TRl , TR2 . 

0 

0 

0 

0 60R.60J, 

W 

~ A 

a given 
constant 

0 

0 

0 

0,60r,60i(  if 
4^-0), XPL. 

t|>0  * a given 
constant, TRl , 
TR2. 

0 

0.50R.50J, 

XPL,  possibility 
of  testing  the 
given  value  of 

V 

■s 

B,50r,60i, 

XPL»possibi- 
lity  of  tes- 
ting the  gi- 
ven value  of 

• 

MBR,S6r 

XPL, possibility 
of  testing  the 
given  value  of 

^O* 

\ 

Table  1.  Emission  temperatures  and  their 
related  rain  parameters. 


p mm/ hour 

VM 

**6 

VV! 

25 

1.36 

0.10 

0.07 

50 

0.73 

0.11 

0.15 

100 

0.39 

0.13 

0.33 

150 

0.20 

0. 15 

0.75 

Table  2. 

The  albedo  and  the  quantity 

for  different  rain  intensities  p 
at  1 1 GHz . 


Fig. 10  The  rain  medium  extending  indefinitely  in  the 
horizontal  plane,  between  cloud  and  horizon. 


Figure  i 1 . The  double  Dicke  radiometer. 


DEPOLARIZATION  AND  NOISE  PROPERTIES  OF  WET  ANTENNA  RADOMES 


by  J.  Dijk  and  A.C.A.  van  der  Vorst. 

Eindhoven  University  of  Technology,  Netherlands 


This  paper  deals  with  the  measurements  of  the  influence  of  artificially  wetted  radome  panels  of  different 
materials  (Tedlar,  Mylar,  Teflon)  on  the  performance  of  antenna  systems  covered  with  radomes. 

Noise,  transmission  and  depolarization  measurements  have  been  carried  out  and  when  possible  compared  with 
the  theory.  The  complete  research  programme  is  explained. 

1 . Introduction 

For  large  antennas  such  as  used  in  satellite  communications  the  presence  of  radomes  [1]  has  the  advantage 
that  the  antenna  structure  is  less  influenced  by  rain  and  wind,  but  the  disadvantage  that  the  electrical 
performance  of  the  antenna  is  affected.  Owing  to  scattering  and  absorption  the  transmission  properties 
will  decrease  and  the  system  noise  temperature  [2]  increase,  although  above  10  GHz  noise  is  no  longer  the 
limiting  factor,  so  that  the  use  of  radomes  may  have  advantages.  In  the  past,  several  authors  [3,  4,  5, 

6]  have  discussed  the  decrease  in  the  gain  to  noise  temperature  ratio  of  reflector  antennas  surrounded  by 
a radome.  Owing  to  rain,  the  antenna  system  performance  could  even  be  more  affected.  Calculations 
predicting  the  influence  of  rain  were  based  on  the  assumption  that  a uniform  water  film  is  created  at  the 
radome's  surface  after  rain  [3].  Mojt  of  the  polyester  coating  materials  used  for  radomes,  such  as  Tedlar, 
justify  this  approach.  However,  new  materials  having  a different  behaviour,  are  now  becoming  available. 
They  are  often  coated  with  a layer  of  Teflon,  a material  having  a strong  water  repellant  character.  These 
remarks  apply  to  some  extent  also  to  radome  protected  feeds  and  line  of  sight  antennas.  It  is  the  purpose 
of  this  paper  to  describe  the  behaviour  of  these  materials  with  respect  to  rain  and  to  compare  them  with 
the  more  common  materials  such  as  Tedlar.  For  this  purpose  a method  has  been  developed  to  measure  the 
noise  temperature  increase,  transmission  and  depolarizatioi.  properties  of  these  materials  under  several 
conditions  of  rain.  The  entire  radome  is  not  measured  but  only  parts  of  it  erected  parallel  to  the 
aperture  plane  of  a rectangular  horn  antenna.  These  panels  are  wetted  by  an  installation  producing 
artificial  rain  with  a variable  rain  rate  up  to  30  mm/h.  A second  horn  antenna  close  to  the  first  one 
serves  as  a reference.  The  measurement  employs  a Dicke  radiometer  and  the  frequency  is  8.75  GHz.  In 
general,  the  intention  of  this  research  programme  is  the  following: 

- to  develop  a rapid  testing  method  of  new  radome  materials  which  needs  otly  small  parts  of  them.  The 
measuring  results  are  only  qualitative  and  are  not  dependent  on  the  measuring  arrangement  and  the 
environment; 

- to  develop  a theoretical  model  to  investigate  the  various  noise  contributions  of  an  antenna  with  radome; 

- to  determine  reflection,  absorption  and  transmission  coefficients  of  a wet  panel  from  measurements;  the 
scattering  parameters  S may  then  be  determined; 

- to  determine  transmission,  polarization  and  group  delay; 

- to  estimate  the  performance  of  any  other  system  enclosed  with  the  measured  radome  material  from  the 
scattering  parameters  S. 

From  comparative  measurements  between  various  radome  materials  the  following  new  results  are  reported: 

- great  advantages  obtained  if  the  radome  panels  are  coated  with  a thin  layer  of  Teflon  because  the  water 
distribution  on  a Teflor.  surface  results  in  a much  lower  noise  temperature  increase; 

- Teflon  panels  show  an  antenna  noise  temperature  increase  depending  on  the  horizontal  or  vertical 
polarization  of  the  antenna; 

- The  measuring  method  is  very  suitable  for  testing  new  radome  materials  simply  and  rapidly. 

Radome  protected  antennas  will  no  longer  be  builc  in  the  4-6  GHz  range  but  radome  protected  antennas 
may  become  important  to  satellite  communications  above  10  GHz  and  are  in  use  for  military  satellite 
communication  systems. 
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2.  Measuring  procedure 
2.1.  Introduction 


A method  has  been  developed  for  measuring  the  noise  temperature  Increase  In  different  radome  materials 
under  varying  conditions  of  rain.  The  entire  radome  is  not  measured  but  only  parts  of  it  having  an  area  of 
about  0.S  »2 . The  radome  panels  are  positioned  under  an  elevation  angle  of  45°  (Fig.  1)  illuminated  by  a 
pyramidal  horn  antenna  with  aperture  dimensions  40  x 30  cm  in  such  a way  that  the  panels  are  parallel  to 
tne  aperture  plane.  When  carrying  out  transmission  and  depolarization  measurements,  a transmitting 
antenna,  mostly  a horn  type,  was  located  at  the  other  aide  of  the  panel.  The  panel  could  be  removed 
quickly  from  its  position  to  make  comparison  possible  between  measurements  with  and  without  a radome 
panel.  The  panels  were  wetted  by  an  artificial  rain  simulating  system.  In  this  system  the  water  wa3 
supplied  to  the  top  of  the  panel  by  a system  of  sprinklers.  By  applying  compressed  air  to  one  sprinkler 
and  water  to  a second  sprinkler,  the  water  was  applied  well  atomized  to  the  top  of  the  radome  panel.  The 
photographs  Figs.  2 and  3 give  a more  detailed  picture  of  the  location  of  the  panel  with  respect  to  the 
rain  installation  and  the  horn  antenna.  For  the  measurement  of  the  noise  temperature  two  pyramidal  horn 
antennas  were  used  connected  to  a Dicke  radiometer  (Fig.  1)  operating  at  a frequency  of  8.75  GHz.  For  the 
calculation  of  the  noise  transmission  in  the  system  we  introduced  scattering  parameters  S and  the 
reflection  coefficients  T.  It  has  been  proved  [8]  that  the  output  noise  temperature  of  a passive 

linear  four-port  network  corresponding  with  the  available  noise  power  kT  . B , (k  is  the  Boltzmann  constant, 
B the  noise  bandwidth)  and  the  network  on  a physical  temperature  To  is: 

Tout  = T,Tllt  + T2tJ4  + TjTs„  + (1  - T„  - T2»  - TjOTo  (2.1. a) 


or 


Toi;t  * T«  + (Tl  ' To)t»*  + ‘ T«)t“  + (Tj  ' (2-1-b) 

where  kT^B,  (i  = 1,2,3)  is  the  available  generator  power  at  input  port  i and  T^4  (i  = 1,2,3)  the  available 
transmission  factor  between  port  1 and  ,, . 

Eq.  2.1. a has  the  advantage  that  the  calculation  of  the  noise  output  is  more  straightforward  since  beside 
the  term  To  only  the  transmission  of  noise  from  the  input  to  output  port  has  to  be  taken  into  account. 

2.2.  Detailed  description  of  noise  transfer  in  the  microwave  part 

In  Fig.  2.1.b  the  most  important  components  for  the  noise  transfer  in  the  microwave  part  of  the  radiometer 
are  shown.  In  general  this  part  can  be  described  as  a four-port  noisy  linear  passive  network  with 
available  transmission  factors  Tm,  T2,,,  Tj,,. 

Port  1 is  terminated  by  a measuring  antenna  A.  The  noise  temperature  of  antenna  A is  characterized  by 

TA(r,t)  because  this  temperature  is  a function  of  the  artificial  rain  rate  r and  also  if  the  time  t 
owing  to  the  fact  that  the  atmospheric  noise  may  change  as  a function  of  time,  ( r ) is  the 
reflection  coefficient  depending  on  the  artificial  rain  rate  F . 

Port  2 is  terminated  by  the  reference  antenna  R.  The  noise  temperature  of  antenna  R is  described  by  Tp(t). 
In  the  case  that  there  is  no  radome  panel  under  test  in  front  of  the  measuring  antenna,  the 
relation  T^(t)  = Tg(t)  holds  owing  to  the  fact  that  the  antennas  are  identical  and  in  the  same 
surrounding . 

Port  3 is  terminated  by  a solid  state  noise  source  B with  noise  temperature  Tg. 

Port  4 is  the  four-port  output  port  with  output  noise  temperature  T ^ 1 or  Tg°  depending  whether  the 
microwave  switchable  three-port  circulator  S can  be  in  "position  1"  or  position  0". 

Within  the  four-port  we  distinguish  the  following  components  which  are  at  physical  temperature  To: 


- Isolator  I with  available  transmission  factor  Tj{r)  as  a function  of  the  artificial  rain  rate  r owing 
to  the  fact  that  Tj(r)  comprises  the  factor  l^(r)  (the  reflection  coefficient  of  antenna  A) t 

- attenuators  E and  V described  by  and  Ty ; these  are  used  for  balancing  purposes;  < . 

- directional  coupler  D with  transmission  factors  Tpis  and  Tp2  s ; //V  ”1*0 


- precision  attenuator  P with  transmission  factor  Xp> 

- switchable  circulator  S which  can  be  switched  in  "position  0”  or  "position  1". 
The  corresponding  transmission  coefficients  are 


for  "position  l" 
for  "position  0" 


S‘» 


«T‘SJ1 

>>T°c2J 


It  is  now  possible  to  calculate  a general  expression  for  T^(r,t)  as  a function  of  the  parameters  mentioned 
above.  For  l^1  and  Ts°  we  find 


V = To  + + {TR(t) 


(ti 


(2. 2. a) 


and 


V " To  + W'Q 


- T0)tU  + (TR(t)  - T0}tS,  + (Tb-T0)t$4 


(2.2.b) 


Bridge  balancing 

In  general  the  microwave  bridge  will  be  balanced  with  attenuators  E and  V and  this  means  that  T^1  - 0 . 

Subtracting  Eq.  2.2. a from  Eq.  2.2.b  yields: 

aA(r,t)  - T0}(tU  - t 1 4 ) + {TR{t)  - T0}(tK  - tS„)  + (Tb  - T0)(tK  - t§„)  • 0.  (2.3) 

From  Fig.  2.1.b  the  general  transmission  factors  Tu,  Tj  <,  and  Tj*  can  be  deduced  with  the  switch  in  the 
two  positions.  Therefore,  the  following  relations  apply 


t}h  - t?4  = Tj(r)TE(T‘lJ  - t“u)  = Tj(r)TETsn 
with  x,n  = Tji3  - t“u 

' T^4  ' 12H  = TyXpi3(Xj23  ” T°2j)  = TyTpisT^s 

With  Ts2J  = T*2j  - T°23 
Ts<  ' T34  = Tp.Tp23.Tj23. 

Substituting  Eqs.  2.4,  2.5  and  2.6  in  Eq.  2.3  results  in: 


(2.4) 


(2.5) 


(2.6) 


0 = {TA(r.t)  - VTI^r)TETsl>  + {TR(t^ 


VTVTD1,Ts25  + (TB  * To^TpTD2,Ts2S 


(2.7) 


Without  rctdomc  panels,  the  antenna  temperatures  TA(t)  and  7R(  t)  are  equal;  therefore,  it  is  possible  to 
adjust  the  transmission  factor  te  and  Ty  in  3i’ch  a way  that  Tj 1 = Tj0.  It  is  thereby  necessary  to  switch 
off  TB  so  that  Tg  = TQ.  Eq.  2.7  may  now  be  rewritten  for  Tg  = TQ  giving 

nA(t)  - To}tj(0)tets1,  + (TR(t)  - T0)TyrD„Ts„  - 0 (2.8) 

Since  TA(t)  = TR(t)  (antenna  without  radome)  it  follows  that 

TI (°)tEts  1 * “ "rVTD,,Ts2*  (2.9) 

with  Tj(0)  the  isolator  transmission  factor  without  radome.  Eq.  2.9  may  now  be  substituted  in  Eq.  2.7  as 
an  edge  condition  and  after  some  calculations  the  latter  becomes: 


(2.10) 


: /^, 


TA(r.t)  - + (Tb-T0)(tptdJ1)/(tvtd1s)}  + {1  - ( t, (0) )/( r , ( r ) ) }TQ 


In  this  aquation  T^(r,t)  doaa  not  dapand  on  Tj(r),  i.e.  the  reflection  coefficient  of  antenna  A with 
radome  to  a great  extent. 


2.3.  Calculation  of  Tg 

The  noise  temperature  Tg  may  be  calculated  by  a substitution  method  using  the  radiometer  under 
.*•  considers  .'.ion . 

The  noise  temperatures  at  the  output  of  the  waveguide  switch  connecting  either  the  load  on  a stable 
refer>j>',ce  temperature  of  100°  C or  the  diode  noise  source  B via  the  precision  attenuator  P should  be 
equal,  r'e  now  have  the  following  relation 

TpT;(  +.  (1**-  xp)T0  = T100  . 373  K 

V 

Therefore, 


TB  * {r10.  - d-Tp)T0}/  xp  (2.11) 

Tg  is  estimated  to  be  approx  68000  K.  2% 

The  noise  source  diode  current  I^is  set  tothe  point(dIj)/(dTB)  = 0 at  a current  of  16  mA. 

The  sensitivity  of  the  radiometer 

y ’AT* * 0.2  K 

The  accuracy  of  the  measurements  is  i St . 
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2.4.  Relevance  of  the  use  of  a reference  antenna  instead  of  a matched  load  on  T0 


Let  the  noise  temperature  of  antenna  A without  radome  be  T^( t)  = T^(tg)  + AT  and  the  available 
transmission  factor  of  the  radome  Tg . The  antenna  A temperature  T^( r , t)  is  then 


TA(r?t)  * {TA(to>  + AT}  rR  + (!  - tr)To  (2 . i2) 

The  difference  in  temperature  with  respect  to  TR(t)  is 

TA(r.t)  - TR(t)  = -(TA(t0)  + AT)(1  - xR)  + (1  - tr)T0 

because  T^(t)  = TR(t)  3,1(3  ( 1 ” Xg)T0  is  t3ie  P*nel  contribution. 

The  measuring  error  due  to  a change  AT  in  the  antenna  noise  temperature 

w “ -aT(l  - tr)  (2.13) 

For  TR  S3  1 there  is  a good  compensation  owing  to  the  reference  antenna  R. 

It  is  now  possible  to  replace  the  reference  antenna  R by  a matched  load  at  temperature  Tq.  The  antenna  A 
temperature  is  given  by  Eq.  2.12.  It  is  compared  with  T^(t0)  as  this  is  the  measurement  reference.  The 
difference  temperature  with  respect  to  TA(t0)  is 

TA(r.t)  - Tft(t0)  = (TA(t0)  + AT)tr  - Vk(t0)  * (1  - tr)T0  = -(TA(t0)(l  - tr)  + ATtr}+  (1  - tr)T0 

The  measuring  error  due  to  a change  AT  in  the  atmospheric  noise  temperature  T^(t0)  is  ATtr . This  error 
reaches  its  maximum  at  TR  » 1.  Comparing  this  error  with  the  '>rror  -AT(1  - xR)  of  the  two-antenna  method 
described  above,  it  is  clear  that  for  tr  « 1 the  msthod  with  reference  antenna  is  preferred  and  for 
TR  » 0 the  method  with  a matched  load  is  preferred.  The  crossover  point  is  reached  at  tr  = 0.5  with  the 


criterion  that  the  measuring  error  of  both  methods  must  be  equal. 

3.  Radome  panels  and  rain 

3.1.  The  definition  of  the  rain  intensity  in  relation  to  the  measuring  system 


If  the  rain  falls  perpendicularly  on  the  radome  [Fig.  4].  which  is  considered  to  be  spherical,  the  amount 
of  rain  coming  down  is  confined  to  an  area  of  Jit  D2 , where  D is  the  diameter  of  the  radome.  if  it  rains 
h mm/hour,  the  radome  subtends 


Jit  D2h.l0'2/60  m’/minute. 


The  water  streams  downwards  and  falls  off  at  the  equator  of  the  radome.  Here,  the  water  collected  per 
running  metre  is 

D.2.h  10 — x 4.17  h D cm Vmin. /metre. 
ttD 

If  the  rain  installation  has  a measuring  length  of  P cm  and  a quantity  of  Q cm5/min.  water  comes  down  from 
the  radome,  the  following  relationship  applies: 


h = — — - mm/hour 
4.17  P D 


(3.1) 


In  Fig.  4 Eq.  3.1  has  been  plotted  for  P = 40  cm.  With  a given  quantity  of  water  Q cm5/min.,  the  rain 
intensity  is  inversely  proportional  to  the  radome  diameter  D. 

3.2.  Calculation  of  the  (effective)  water  layer  thickness 

Assuming  a uniform  water  layer  over  the  radome  with  diameter  D,  the  thickness  of  the  water  layer  can  be 
calculated  according  to  [9] 


dw  = 0.0045(JDh)7/12(sin6)1/4 


(3.2) 


where  0 is  defined  in  accordance  with  Fig.  4. 

Since  this  equation  depends  only  little  on  0 for  10°  < 0 < 90° , a more  or  less  uniform  water  layer  with 
the  same  thickness  exist  over  the  radome.  In  the  case  that  D = 38  HI  we  find  for  d 


dw=h 


= h7/12, 


nun. 


(3.3) 


Assuming  that  the  theory  of  Mei  [9]  may  also  be  applied  to  radome  parts  and  substituting  Eq.  3.1  in 
Eq.  3.2,  the  following  relation  is  found 

d = 0.0045(- - 1(?°  )7/12(sinO)1/4 

w 4,17.2. P 


(3.4) 


This  relation  is  plotted  in  Fig.  5 and  is  independent  of  the  diameter  D of  the  radome.  It  shows  the 
thickness  of  the  uniform  water  layer  over  a panel  for  different  elevation  angles  as  a function  of  the 

collected  water  Q Cm’/min.  The  measuring  length  P over  which  the  water  is  collected  is  40  cm.  A uniform 

water  layer  only  appears  on  Tedlar  panels.  With  Teflon  panels  drops  and  spirts  are  formed  on  the  surface 
(Fig.  7).  The  water  distribution  on  Mylar  panels  lies  between  those  on  Tedlar  and  Teflon  panels  (Fig.  8). 
For  Tedlar  and  Mylar  it  is  not  possible  to  assume  a uniform  water  layer  but  an  effective  uniform  water 

layer  may  be  defined.  This  may  be  calculated  with  Eq.  3.4  measuring  a water  flow  of  Q cm*/n»i n . 

4.  Noise  measurements 

The  difference  of  the  antenna  noise  temperature  between  the  antennas  A and  R has  been  measured  using  the 


Materials  Tediar,  Mylar  , Teflon  with  the  water  How  as  a parameter.  The  thickness  of  the  material  la 
only  of  Importance  to  the  noise  increase  due  to  the  dry  radome . With  respect  to  Sec a.  2 and  3 the 
difference  In  ncije  temperature  becomes 


^ AT  - TA(r.tc 


) - W 


(4.1) 


and  is  plotted  against  the  panel  water  flow  (normalised  for  1 a measuring  length)  Q cm’/mln/metre,  For 
each  m.'i:')rial  the  aeasureaents  have  been  carried  out  for  horizontal  and  vertical  polarization.  By  means 
of  Pic , 5,  it  is  possible  to  relate  the  water  flow  Q to  the  (effective)  water  layer  thickness,  and  when 
the  diameter  D is  introduced,  the  measurements  can  be  related  to  the  rain  intensity  h mm/hour  using 
Pig,  4.  The  measuring  results  are  plotted  in  Pig.  8 for  Tediar  and  in  Pig.  9. a and  b for  Teflon  and 
Myl»r.  on  Tediar,  a uniform  water  layer  exists  and  this  explains  the  fa^t  that  the  noise  temperature 
increase  is  high  and  independent  of  the  polarization.  On  Teflon,  drops  and  vertical  spirts  are  formed  and 
thii  explains  the  fact  that  the  vertical  polarization  noise  increase  is  higher  than  the  horizontal. 

The  results  obtained  with  Mylar  lie  between  those  of  Teflon  and  Mylar. 

Radcne  materials  covered  with  a layer  of  Teflon  are  more  in  favour  than  Tediar  with  respect  to  the  noise 
performance.  However,  coating  of  radome s with  a layer  of  Teflon  is  still  a serious  technological  problem. 


5.  Calculation  of  the  antenna  noise  temperature  Increase  due  to  a wetted  radome  panel 

We  shall  assume  that  a transmission  line  model  from  the  atmosphere  is  a matched  generator  and  that  the 
radome  panel  is  a lossy  two-port  at  temperature  TQ  with  an  available  transmission  factor  consisting  of 

the  scattering  parameters  Su,  S,, , S,,,  S,,  (Fig.  10).  It  may  be  shown  from  [10]  that  the  panel  noise 

contribution  A T,  is 

AT,  = {1  - (S22(2  - |S21[2>T0 

if  the  panel  is  covexed  with  a uniform  water  layer.  The  calculated  noise  contribution  due  to  the  panel  is 

plotted  in  Fig.  10.  The  panel  thickness  is  1 mm,  er  = 4 and  tg6  = 0.02. 

This  calculated  value  are  in  accordance  with  the  CCIR  curves  for  noise  contributions  from  uniform  water 
layers  [7]  . When  the  calculated  values  are  compared  with  the  measured  values  for  Ter'lar  panels  (Pigs.  8 
and  10)  it  appears  that  the  accordance  is  not  good.  It  can  be  shown  [11]  that  due  to  multiple  reflections 
the  noise  temperature  increase  AT,  of  a small  antenna  within  a complete  radome  becomes 

U - |S„|*  - |S„|*)T  AT, 

AT,  = = 

1 - |S„|*  1 - |S„|* 

This  calculated  noise  temperature  increase  with  multiple  reflections  is  plotted  in  Fig.  10. 

Comparing  the  measured  values  for  Tediar  panels  with  the  calculated  values  with  multiple  reflections  it 
appears  that  multiple  reflections  have  to  be  taken  into  consideration. 


6.  Transmission  measurements 

Transmission  measurements  with  wetted  panels  are  carried  out  at  the  same  frequency  as  used  for  the  noise 
measurements.  At  a distance  of  12  metres  a horn  antenna  is  located  on  top  of  a tower  12  metres  high.  The 
incident  field  is  sufficiently  uniform  in  phase  and  amplitude.  The  measurements  have  been  carried  out 
with  on  H.p,  network  analyzer.  The  measured  results  are  plotted  in  Fig.  11  for  horizontal  polarization 
and  in  Fig.  12  for  vertical  polarization.  Pig.  10  shows  the  theoretical  transmission  factor  |S,,|*  for  a 
panel  with  uniform  water  layer.  The  correspondence  with  Tediar  panels  is  quite  good.  More  work 

is  required  to  obtain  theoretical  values  for  panels  with  drops  and  spirts. 

7 . Conclusions  and  remarks 

Some  preliminary  conclusions  may  be  found  in  Sec.  4.  The  theoretical  model  is  not  in  accordance  with  the 
practical  situation  for  Tediar  panels  with  uniform  water  layers.  The  observed  values  for  Teflon  should  be 
compensated  for  noise  which  is  scattered  in  the  measuring  system  due  to  drops  and  spirts.  The  noise 
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ro*a«ur*m«nt'  of  on*  pan*  l offei*  th*  possibility  of  **t (mat  Inn  *1'*  nol**  t*mp*ratut*  of  * pompier*  raitom*, 
llow*v*r,  * i1  or  f«i'lo»»  should  be  tak*n  Into  ronaiilerAt  Ion . 

- The  rattom*  panels  are  mostly  mounted  In  * metal  spao*  fun*  ta  lom*  eaustmi  * t > an«mt  **l  on  Ion*  rot  whleh 
tl\*  t emperature  Im*  to  be  eorreeteil . 

- Tli*  antenna  way  produo*  olivular  polartsat  ton. 

- if  th*  latn  f«U*  p*rp*mlleulfO  ly  only  th*  top  hair  of  t h*  radon**  Is  wetted  deoreasinu  th*  not**  vain**, 

- Multlpl*  reflections  within  th*  r adorn*  penult  tn  lilvjhei  t em|'*rat  urea, 

- tr  It  lain*)  will  h*  htuhei  ntno*  th*  sky  not**  t*mp*tatui*  Increases  al*o, 

Th*  relationship  of  III*  noise  lempetatur*  of  a complete  radome  amt  only  on*  pan*!  lx  still  t It*  obleot  of 
further  aunty. 
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Fig.  4:  Collected  water  Q CJl’/mln  as  a function  of  rain  rate  h mm/hour  with 
the  measuring  length  P * 40  cn,  the  diameter  0 of  the  real  radoete 
being  a parameter. 
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SUMMARY 

Thermodynamic  density  fluctuations  of  positively  and  negatively  charged  components 
in  a plasma  are  responsible  for  the  occurence  of  random  electric  fields.  The  antenna 
response  to  these  fields  may  be  characterized  by  the  quadratic  or  power  spectrum  of  the 
voltage  fluctuations  in  a measuring  device  connected  with  the  antenna.  The  response  is 
dependent  upon  the  antenna  configuration  and  is  described  as  a filtering  effect  in  wave 
vector  space.  - Theorectical  quadratic  spectra  are  presented  for  equilibrium  plasmas 
streaming  parallel  to  the  antenna  axis.  The  bulk  velocity  has  a strong  influence  upon 
the  shape  of  the  spectra,  especially  as  it  is  the  cause  for  a periodic  fine  structure. 


1 . INTRODUCTION 

Thermodynamical  fluctuation  phenomena  in  plasmas  differ  from  the  corresponding 
phenomena  in  neutral  gases  by  the  fact  that  they  include  fluctuations  of  the  electric 
field.  The  reason  is  that  differences  in  the  local  fluctuating  densities  of  the  positi- 
vely and  negatively  charged  components  occur,  representing  a fluctuating  charge  separa- 
tion. In  collisionless  plasma  these  fluctions  may  be  seen  as  the  result  of  two  counter- 
acting effects,  the  random  initiation  and  growth  of  instabilities  and  the  collisionless 
damping  mechanisms.  Both,  instabilities  and  damping,  are  the  consequence  of  a particle- 
wave-interaction  typical  for  collision -less  plasmas  and  often  called  phase  resonance. 

As  this  type  of  interaction  is  one  of  the  most  exciting  properties  of  plasmas,  fluctu- 
ation phenomena  have  drawn  the  attention  of  scientists  (RO, STOKER,  I960;  MONTGOMERY  & 
TIDMAN,  1964). 

But  in  general  the  question  remained  unsolved  how  these  fluctuations  could  be  mea- 
sured, especially  the  fluctuating  electric  field,  and  what  would  be  the  response  of  an 
antenna  imbedded  in  the  plasma.  One  expects  that  a certain  kind  of  external  noise  will 
appear  within  the  antenna  system.  A first  investigation  has  been  made  by  the  author 
(GRABOWSKI,  1972).  Without  performing  extensive  numerical  calculations  it  was  possible 
only  to  consider  the  limiting  case  of  zero  frequency. 

The  present  investigation  is  more  comprehensive,  but  due  to  very  hard  mathematical 
difficulties  we  had  to  restrain  our  considerations  to  a non-magnetic  plasma.  As  any 
measurement  of  the  fluctuating  field  in  an  extraterrestrial  plasma  will  be  feasible  only 
on  board  of  a spacecraft  we  did  consider  not  only  a plasma  at  rest  but  also  a streaming 
plasma. 


2.  QUADRATIC  SPECTRUM  OF  FIELD  FLUCTUATIONS 

The  random  fluctuating  electrostatic  field  vector  can  be  interpreted  as  a stochas- 
tic process  depending  upon  four  parameters.  The  parameters  are  time  and  three  space  co- 
ordinates. Usually  a stochastic  process  is  described  by  its  correlation  properties, 
that  is  by  the  measure  to  which  extent  the  value  of  the  stochastic  variable  at  a first 
point  in  parameter  space  determines  the  value  at  a second  point.  A measure  for  this  kind 
of  correlation  is  the  autocorrelation  function.  As  in  our  case  the  stochastic  variable 
is  a vector  quantity, 

, a = 7,1,3 ) , 

the  autocorrelation  function  will  be  a matrix. 

It  has  been  assumed  that  the  process  is  stationary.  Thus,  the  autocorrelation  matrix  de- 
pends on  the  differences  of  the  parameter* only.  In  nearly  all  practical  cases  not  the 
autocorrelation  function  itself  but  its  Fourier  transform,  the  quadratic  or  power 


spectru.n,  is  of  interest: 


^ *£/(»,  W = Jdzd^cL^djr  C-h,^)  e^pdur  *-  Lkhrh)  . 

An  expression  for  the  matrix  s. . has  already  been  derived,  based  upon  statistical 
mechanics  (ROSTOKER,  1960;  MONTGOMERY3*  TIOMAN,  1964).  To  be  more  flexible  in  view  of 
possible  applications  and  cf  r merical  handling  this  expression  is  given  here  in  dimen- 
sionless quantities: 
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The  Greek  indices  mark  the  contributions  of  different  plasma  components,  the  Latin  in- 
dices are  used  to  describe  vector  coordinates  in  an  orthogonal  system.  The  dimensionless 
quantities  have  been  defined  with  the  help  of  the  following  constants: 


Reduced  particle  mass  rr\ 


Reduced  temperature  in  units  of  energy  $ 


Angular  plasma  frequency 


Debye  length  tT 

D 


7 - * y stK  r £JL 

J>  k (°i. 


The  dimensionless  constants  and  variables  occuring  in  (1)  are  the  following,  given  in 
relation  to  their  corresponding  dimensioned  quantities: 


Particle  mass  of  the 
plasma  component  c*U 

= 

ryi<  / m , 

Temperature  of  the 
plasma  component  ot 

** 

% 

, 

Angular  frequency 

il 
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u/&p  , 

Wave  vector 

rm 

K / 

Velocity  coordinates 
phase  space 

In 

Vt 

a 

K (m/9) 

Bulk  velocity  of  the 

plasma 

K 

» 

Wi  ( m / $) 

Distribution  function  of  the 
plasma  component  oc 


Quadratic  spectrum  of  the 
field  fluctuations 


As  distribution  function  we  have  assumed  the  equilibrium  distribution  in  a streaming 
plasma: 


It  may  be  interesting  to  point  out  that  in  tho  derivation  of  expression  (1)  the  same 
joint  probability  function  is  involved  as  used  in  the  treatment  of  the  incoherent 
backscattering  of  radio  waves  due  to  density  fluctuations  (MONTGOMERY  a TIDMAN,  1964). 
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3.  ANTENNA  RESPONSE 

The  antenna  response  to  a fluctuating  electrostatic  field  will  be  associated  with 
a filter  effect  because  the  antenna  will  not  react  on  different  spectral  components 
E.  (JLtKj)  to  the  same  extent.  Thus,  e.g.  the  field  components  perpendicular  to  a thin 
straight  antenna  will  give  no  contribution  at  all.  Therefore,  the  filter  characteristic 
of  the  antenna  has  to  be  evaluated  as  a function  of  frequency  Jl_  as  well  as  of  wave 
vector  K. , if  the  observed  external  noise  voltage  impressed  into  the  antenna  is  to  be 
explained. 

In  the  following  w-a  assume  that  the  impressed  antenna  voltage  U(t),  the  quantity 
directly  observed  in  the  antenna  system,  is  related  to  the  electric  field  by  the  line 
integral 

e 

Uit)  * / - (2> 

o 

The  integration  path  is  assumed  to  be  a straight  line  with  length  1 which  may  be  identi- 
fied as  the  effective  antenna  length.  If  E^  is  a stochastic  variable  then  this  is  true 
also  for  the  antenna  voltage  U(t).  The  relation  between  the  autocorrelation  function 

c(t-t')  = (V(t)VW)> 

of  the  voltage  and  the  autocorrelation  matrix  of  the  field  has  already  been  derived 
(GRABOWSKI,  1972).  This  has  been  done  via  the  corresponding  quadratic  spectra 

S(Jl)  and  SCj(Sl,Kh) 

respectively. 

Perhaps  it  is  worth  mentioning  that  the  quadratic  spectrum  S(D)  has  the 
advantage  of  yielding  directly  the  mean  square  voltage.(u (t)  according  to 

o» 

< V(t)l>  = I {f  SM  , 

-oO 

a quantity  which  often  is  the  main  interesting  feature  of  the  external  noise. 


Here  again  S ( SI  ) is  a dimensionless  quantity  related  to  its  corresponding 
diomensioned  quantity  by 

S(fl)  * stu)  £0  Co^r^ /§ 

Using  a coordinate  system  of  which  the  x,-axis  is  parallel  to  the  line  AB,  where  A and 
B are  the  points  defining  the  effective  antenna  length,  the  quadratic  spectrum  of  the 
external  noise  voltage  is  given  by 

UC  JCtl  <*» 

SCB)  * 2/^/f£/f  w!  (<  - ^(KL^>)  sJl(a,w , 

» -m  o ( 3) 


In  this  expression  the  cartesian  coordinates  K.  have  been  replaced  by  spherical  ones 
according  to  1 

Aj  * K 9 cos  'f  , 

■ K COS  9*  S fa  f f 

Ki  m K sfa  f 

and 

L * C/rB 

is  the  dimensionless  antenna  length.  In  expression  (3)  the  factor 

(1  ~ Cost  KLiCn*)) 

is  a filter  function  already  known  from  many  other  problems. 


The  filtering  may  be  described  qualitatively  as  following.  The  fluctuating  field 
can  be  seen  as  composed  of  plane  waves  with  a wave  length  2XyK  and  direction  ( ■&,  f ) • 

The  antenna  responds  to  the  projection  of  these  plane  waves  on  the  antenna  axis  AB. 

These  projections  have  virtual  wavelength  2 Ky  ( K sin?) . If  the  projection  is  an  integer 
multiple  of  the  antenna  length  L, 

L * n 2X / (Ksin&)  f ( n * -7,  Lf  • • • ) f 

then  positive  and  negative  contributions  to  the  line  integral  (2)  compensate  to  zero, 
they  do  not  contribute  to  the  impressed  voltage  U(t).  Integrating  the  contributions  of 
all  plane  waves  results  in  expression  (3). 


When  introducing  (from  (1))  the  explicit  representation  of  S 
expression  (3) , the  spectrum  of  the  impressed  voltage  is  given  by 
cit  formula  for  a plasma  streaming  parallel  to  the  antenna  axis: 


33  into 

Hie  following  expli- 


sa i) 


a. 


a 


The  integration  with  respect  to  the  velocity  coordinates  will  be  performed  in  cylindri- 
cal coordinates  defined  by 


V/  * \ CPi  X f 

^ -*'*•>  X , 

1/  *.  \J 

vs  vn 


It  is  clear  that  expression  (4)  is  useful  only  to  the  extent  to  which  the  integrations 
involved  can  really  be  performed,  analytically  or  numerically. 


4. 


INTEGRATION 


The  integration*  involved  in  the  term  T (Vt.W  ,X)  o t expression  (4)  can  be  done 
analytically,  if  we  range  ' 


9 


among  the  elementary  functions. 


If  ac  the  first  step  we  integrate  with  respect  to  X then  a common  substitution 
leads  to  the  sum  of  two  integrals  of  the  form 


whichroquires  special  consideration  because  the  integration  path  may  cross  a singularity. 
Depending  on  which  of  the  two  ralations 


n *■ 


* 1 




XL  + «*VH 


< 1 


is  valir’  the  quantity  s (and  its  complex  conjugate  s*>  will  be  either  real  or  complex. 
The  value  of  E*)  can  be  found  by  application  of  Cauchy*  Integral  Theorem.  In  the  case 
of  a complex  * clearly  one  obtains 


I.i)  * i 2* 


Things  are  less  simple  in  the  case  of  a real  c,  i.e.  when  a sinnularity  is  ound  on  the 
real  axis.  In  this  case  we  follow  a general  convention  (MORSE  a rESHBACH,  53).  As  re- 
sult we  take  the  mean  value  of  two  limiting  integration  paths  surrounding  ie  singularity, 
the  Erst  one  excluding  it,  the  other  including  it. 

Then  in  the  limit  Im(t)HeO  we  got  the  result 

Z(z)  • nr  - (-ix)  » , 

i.e.  the  same  as  in  the  case  before.  This  kind  of  singularity  In  a typical  feature  of 
Kinetic  Plasma  Theory  and  has  bean  treated  in  more  detail  elsewhere  (MONTGOMERY  a TIDMAN, 
1964>  VAN  KAMPEN  h FEUJERHOF,  i967)  . 


The  further  treatment  of  the  term  T*  brings  up  an  Integral  of  the  form 


J(+,b)  » j dy  <P(tty  t-  b)  trp  (~yl) 

* 

<$(*)  s J dt 

o 

This  integral  can  be  evaluated  by  writing  it  as 

k 


?(*,  >>) 


j(u,o)  e [*Kft cu> 
l ^ 


and  by  observing  that  the  integrand  of  3(a,b)  is  an  odd  function  of  y+! 


Finally  the  term  t*ves  the  form  given  in  Equation  il).  As  the  term  T^is  not 

dependent  on  f , and  an  thin  is  true  aino  fer  the  torn  0,  we  can  integrate  analytically 
also  with  reapeit  to  t . The  remaining  integration*  with  reapect  to  ^ end  K can  be  trea- 
ted only  numerically.  Thuo  the  numerical  evaluation  of  the  following  doublo  integral 
remains : 


♦ ) We  thank  Dr.  J.  SLAVIK  for  communicating  that  this  Integral  can  be  handed  ap'.lyti- 
cally  in  this  way. 
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5.  RESULTS 

Before  presenting  the  nui  erically  determined  results  we  give  an  additional 
interpretation  of  the  dimensionless  quadratic  spectrum  S(il).  It  Is  related  to  the 
dimensioned  real  spectrum  by 

i(ui)  _*  io ~k~n,  • 

The  factor  l/(  £0  ) has  the  dimension  of  a resistance.  Thus  the  relation  has  the 

form  of  the  well  know  Nyquist  formula  for  the  noise  of  resistors.  Therefore  the  dimen- 
sionless spectrum  may  be  interpreted  as  modulating  the  Nyquis.t  formula  for  "white" 
noise  reflecting  typical  properties:  of  the  plasma. 


The  following  results  refer  to  a plasma  consisting  of  electrons  and  protons 
only,  both  having  the  same  temperature.  The  antenna  has  been  chosen  a3  to  be  hundred 
times  as  long  as  the  Debye  length.  The  bulk  velocity  is  directed  parallel  to  the  antenna 
axis. 


Fig.  1 reveals  the  calculated  spectrum  for  a plasma  at  rest.  The  value  obtained 
for  aero  frequency  is  identical  with  that  obtained  analytically  for  great  L in  a less 
comprehensive  investigation  already  mentioned  (GRABOWSKI,  19721  i.e. 


SIO.) 


The  results  show  that  to  use  the  value  for  aero  frequency  as  an  approximation  for 
other  frequencies  is  possible  only  for  a very  small  frequency  domain.  The  spectrum 
for  higher  frequencies  is  found  in  Fig.  5.  The  shape  of  the  spectrum  cannot  be  descri- 
bed generally  by  a simple  arithmetic  expression. 


In  Fig.  2 one  finds  the  spectrum  for  a streaming  plasma.  The  existence  of  the 
bulk  velocity  (parallel  to  the  antenna  axis)  manifests  itself  in  the  appearence  of  a 
periodic  structure.  More  strongly  marked  periodic  structures  of  this  kind  are  seen 
for  higher  bulk  velocities  in  Figs.  3 and  4.  The  following  relations  between  velocity  W 


and  period  U^of  this  structure  can  be  derived: 

Si0  - 1WW/L  . 

The  numerical  results  confirm  this  relation. 


Comparing  the  trend  of  the  spectra  (see  Fig.  5)  we  find  that  by  increasing  the 
bulk  velocity  the  spectra  will  get  lower  values  for  low  frequencies,  but  higher  values 
in  the  domain  of  higher  frequencies.  We  further  find  that  the  spectra  decrease  more 
slowly  with  increasing  frequency  in  the  case  of  higher  bulk  velocity. 


The  results  presented  first  provide  information  upon  the  noise  level  to  be 
expected  in  an  antenna  immersed  in  a plasma.  A second-surprising  - result  is  the 
appearence  of  a periodic  structure  in  the  case  of  a streaming  plasma  (parallel  to  the 
antenna).  As  the  periodicity  sharply  depends  upon  the  magnitude  of  the  bulk  velocity 
the  observation  of  the  fine  structure  of  the  quatratic  spectra  seems  to  be  a suitable 
means  for  the  determination  of  this  velocity. 
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DISCUSSION 

£.  J.  FREMOUW:  1)  Incoherent  scatter  observations  of  the  ionosphere  show  two  compo- 

nents of  the  temporal  spectrum — one  dominated  by  positive  ion  motions  and  one  domi- 
nated by  electron  motions  (the  plasma  lines).  Are  there  corresponding  effects  in  the 
spectrum  of  fields  detected  by  an  antenna  in  a 'asms?  2)  Could  you  test  your  theo- 
retical results  in  the  ionosphere  by  means  of  Sp.oelab? 

R.  GRABOWSKI:  1)  Though  the  fluctuations  of  both  plasma  components,  the  ions  and  the 

electrons,  have  been  included  in  our  calculations,  no  feature  in  the  shape  of  the 
spectra  attributable  to  one  or  the  other  component  can  be  seen  in  the  results;  but 
the  absolute  value  of  the  spectra  depends  upon  the  (theoretical)  condition,  that  the 
ions  participate  in  the  fluctuations  or  not.  This  can  be  seen  in  the  paper  of 
R.  Grabowski  (1972) , citeii  in  the  Conference  Proceedings.  2)  A test  seems  to  be 
possible,  if  a device  is  used  with  sufficiently  high  sensitivity,  i.e.,  a sensitivity 
of  10-12  to  10~*°  V2/Hz,  depending  or.  the  ionospheric  height  range. 

G.  N.  TAYLOR:  I notice  you  have  assumed  equal  positive  ion  and  electron  temperatures 

for  your  calculated  curves.  What  would  be  the  effect  of  making  these  temperatures 
unequal? 

R.  GRABOWSKI:  At  present,  calculations  with  different  temperatures  have  not  been 

performed;  therefore,  nothing  can  be  said  about  the  effect,  but  some  modification  is 
expected  due  to  different  temperatures  as  well  as  to  a magnetic  field. 
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Th«  Influence  of  Frequency  and  Receiver  Aperture  on  the  Scintillation  Noise  Power 
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Eindhoven  - the  Netherlands 


In  the  preaent  paper  we  will  discuss  some  properties  of  the  scintillation  noise  power.  The  used  model  is 
essential  the  same  as  used  by  Lee  and  Harp.  Some  calculations  of  different  statistical  properties  of  the 
scintillation  noise  will  be  shown.  Special  attention  will  be  payed  to  the  influence  of  receiver  aperture 
and  frequency  on  the  scintillation  noise  power.  It  will  be  shown  that  both  parameters  have  a significant 
influence  on  the  amplitude  scintillation,  Dut  hardly  on  the  phase  scintillation.  This  behaviour  will  be 
explained.  To  decide  whether  acintillation  does  have  a significant  influence  on  the  performance  of  a 
communication  link,  the  total  scintillation  noise  power  will  be  compared  with  the  thermal  noise  pove.'  on 
an  earth  to  satellite  path. 


I . Introduction 

Fo..  several  years  the  interest  in  the  propagation  of  microwaves  of  frequencies  above  10  GHz  through  a 
turbulent  atmosphere  has  been  increasing  considerably.  In  such  an  atmosphere  slight  variations  of 
pressure,  temperature  and  humidity  cause  slight  variations  of  the  refractive  index.  The  latter  cause 
small  variations  in  the  amplitude  and  phase  of  the  received  signal,  generally  known  as  scintillation. 
Since  these  variations  are  of  a stochastic  nature,  it  is  appropriate  to  consider  scintillation  as  a form 
of  noise.  The  additional  noise  will  have  some  influence  on  the  reliability  of  a communication  system, 
so  that  an  increase  in  transmitter  power  will  be  necessary  to  guarantee  a required  performance  of  the 
total  link  (C.  Tsao-1973,  M.  Nisenberg-1967) . In  the  present  paper  calculations  will  be  given  for  the 
scintillation  noise  power.  The  theoretical  derivation  is  based  on  a method  described  earlier  in  the 
literature  (Lee  and  Harp-1969),  but  with  an  extensive  use  of  the  plane  wave  spectrum  representation  of 
the  electromagnetic  fields  (Clenmow) . The  use  of  this  representation  offers  the  possibility  of  readily 
substituting  practical  transmitting  and  receiving  apertures.  Some  calculations  of  the  scintillation 
noise  to  signal  ratio  for  different  receiving  apertures  will  be  shown.  A comparison  between  scintillation 
noise  end  thermal  noise  on  an  earth  to  satellite  path  will  also  be  made.  Although  the  effect  of 
scintillation  noise  on  a modulated  carrier  will  be  entirely  different,  this  comparison  may  give  some 
information  on  the  relative  importance  of  scintillation  noise. 


2.  Scintillation  noise 


The  model  used  to  calculate  the  scintillation  noise  is  a very  simple  one.  A plane  wave,  polarised  in  the 
x direction  and  propagating  in  the  positive  z direction  of  a Cartesian  coordinate  system,  is  incident  at 
z « 0 upon  the  random  medium  (fig.l).  We  divide  the  region  * > 0 into  thin  slabs  of  thickness  dz 
perpendicular  to  the  z direction.  Consider  the  slab  at  z » z . The  refractive  index  in  such  a slab  can 
be  written  as  0 


= 1 + M.-**)  (2-1) 

where  n^  is  a stochastic  function  of  place,  for  which  we  assume 

n,  « i ; <n,>=  o 

Here  <•>  denotes  an  ensemble  average.  We  will  assume  that  the  influence  of  one  slab  on  the  incoming 
wave  can  be  taken  into  account  by  an  additional  phage  delay 

If  (sc,^)  a k hi  (•*.  >!.■*•)  dx  (2-2) 

where  h “ ~ is  the  wavenumber  and  dz  represents  the  thickness  of  one  slab.  If  the  incoming  wave  can  be 
written  as^ 

then  the  wave  leaving  the  slab  at  z ■ z + dz,  can  be  written  as: 

Since  both  Uj  and  dz  are  very  small,  we  find: 

» ^kz*  {■4  4-jkn,(*,4,i.)dz  } (2-3) 

Since  n.  and  hence  E(x,y,z  ) are  stochastic  functions  of  x and  y>  we  use  the  tvo«dimensional  Fourier- 
Stieltjes  representation  ox  the  field,  e.g.: 

EU.S,*.)  d 5(1. (2**) 

where  '** 

(ke. •**.*•}  * -**  **  +Jkd*  dn(l(,.ltj,2,)} 


(2.5) 


Here,  dn  represents  the  Fourier-Stieltjes  transform  of  n (x,y,z  ).  If  one  neglects  multiple  scattering, 
the  field  of  (2-3)  will  propagate  undisturbedly  to  the  receiver  plane  z “ L.  Hence, 

A $ Ik. . k„L ) = J M (l L'**)  d $ (i U»,i k, , i.) 

where  ■ V W1-  k i - k^ 

The  total  field  is  given  by  a summation  of  the  contribution  of  all  slabs  between  z 0 and  z - L. 
dC(k,.,Jc«,l)s  6(k»)  6(k->  aU„  dku 

3 1 jkx  , k (2'6) 

+ jk|dz-r  JC  d.^(l<*,  U^,z) 

O 

If  the  electromagnetic  wave  is  received  with  the  ait  of  a parabolic  antenna,  t ' averaging  of  the 
fluctuations  over  the  aperture  will  occur.  Tho  focal  point  of  the  antenna  is  tne  point  (x^.y^). 

The  amplitude  gain  function  will  be  denoted  by  g (k  ,k  ) . 

The  received  field  will  then  be  given  by:  8 


E (*., S.. <->  = jf  **  d 5 ( kx,  k,,  L)  (2-7) 

= g.(o,o)j^  > jd»  ^ U ^(-Icm.-Wj)  dt|(k,.k1.Z.) 

, where  the  usual  exponential  factor  exp.  j (kxxo+kyyQ)  i®  ® Part  °i  the  antenna  gain  function. 
Write  E (*„,  y.,L)  = C + n,e 

where  Cs  is  the  wanted  carrier 

end 


• -0» 

is  the  scintillation  noise  due  to  the  turbulent  atmosphere.  In  Appendix  1 it  will  be  shown  that  the 
covariance  function  of  the  scintillation  noise  may  be  written  as: 


AH*- 


(2-8) 


Here  * is  the  three-dimensional  spatial  power  spectrum  of  the  refractive  index  fluctuations,  J is  the 
n o 

zero-order  Bessel  function,  and  s the  distance  of  the  receiver  plane  to  a plane  in  the  turbulent 

atmosphere. 


Since  the  strength  of  the  turbulence  is  a decreasing  function  of  the  height  above  the  earth,  we  write: 


4(x)=  $n.,K>  = $,0(x> 

where  * is  the  power  spectrum  just  above  the  ground,  8 is  the  elevation  angle  and  h is  of  the  order  of 
a few  ki?ometers  (Lane-1968,  Brookner-I 970) . Therefore,  on  earth  to  satellite  paths  tfie  covariance 
function  is 

]cl'C"(f)  = ire  S.(i--el*,)Jx<*x  $„.(*)J££j|  ■J.tKf)  (2'9) 

In  the  literature  one  usually  defines  both  amplitude  and  phase  scintillation.  In  Appendix  II  we  will 
show  that  the  covariance  function  of  the  amplitude  scintillation  is  equal  to 


1 

ICI* 


|,Ch(f)  = Jx  dx  <L<*>  I $3  r^Kf)  J 4s  S S/5*  l*  ’ - **>  ^ } 


(2-10) 


Since  Cn(f)  — Cfc(f)4-C^(f)  (see  Appendix  II),  the  covariance  function  of  the  phase  noise  is  given 

by 


itr>cf(f)  = & JKdK  '* t/J*l1+<un¥) 


I 9*<8) 


(2-1!) 


3.  Temporal  povtr  spectrum  of  th»  scintillation  nolle 


12- 


To  calculate  the  power  apectrum  from  expression  2-9,  we  have  to  uae  Taylor's  "froaen-in"  hypotheaia  to 
transform  the  apatial  function*  to  temporal  oner.  (Taylor-1938) . It  ia  ••  juried  that  the  turbulent 
airraasa  ia  moved  with  the  wind  velocity  v perpendicular  to  the  propagation  direction.  It  is  further 
assumed  that  the  statistics  of  the  turbulence  dnes  not  change  very  rapidly.  In  this  case  the  co- 
variance  function  between  two  antennas  a distance  f apart  is  equal  to  the  temporal  covariance  function 
of  the  received  signal  with  time-lag  t *?/“  , that  is 


The  temporal  power  spectrum  will  then  be  given  by 


<it 


* UdtK  <$», 


(3-1) 


The  integral  over  t is  the  so-called  Weber-Schafheitlin  integral  and  is  found  in  different  handbooks 
(Abramowitx) . The  expression  then  becomes: 


VnM  = -^i.(i-J.'L/s-yxdx  1*^1 


Substitution  of  fl  ■ ^ gives 


(3-2) 


The  above  expression  gives  the  power  spectrum  as  a function  of  different  parameters  such  as  the 
frequency,  antenna  gain  function,  etc.  For  numerical  calculations  we  have  to  substitute  known  functions 
for  *no  and  |9.(w)/s.,e)|\ 

For  t we  will  use  the  von  Ktfnnfin  representation  of  the  Kolmogorov  spectrum  (Tartaski-1 961 , Strohbehn- 
no 

1968),  so 


&.(K  )=^(XS^)'1V6  (3-3) 

Here,  C2no  is  the  structure  constant,  and  it  is  related  to  the  strength  of  the  atmospheric  turbu’ence. 

L is  the  outer  scale  of  turbulence,  that  is,  L is  the  largest  inhomogeneity  for  which  the  atmosphere 
cSn  be  considered  as  isotropic.  In  normal  circumstances  the  value  of  L lies  between  1 and  100  metres. 

A typical  value  for  L is  10  metres  (Brookuer-1970) , and  this  value  will  be  used  throughout  this  paper. 
We  will  choose  a Gaussian  aperture  illumination  for  the  receiver  antenna,  so 


j JsM|! L x*'*? 


(3-4) 


The  standard  deviation  o is  a measure  of  the  physical  dimensions  of  the  antenna.  If  we  compare  this 
antenna  with  one  having  i radius  R and  a uniform  illumination,  then  both  antennas  will  have  the  same 
gain  for  R - 2o  . 


Substitution  of  both  and  )*  leads  to 


(3-5) 


(3-6) 


The  power  spectrum  of  the  amplitude  scintillation  noise  can  be  found  in  the  same  way,  and  is  given  by: 

e » -iyx  L 

Fig.  2 shows  a graph  of  both  power  spectra  for  several  values  of  the  effective  aperture  radius 
From  these  plots  it  is  clear  that  the  shape  of  the  spectra  for  higher  frequencies  depend*  on  s^. 

The  shape  for  a - o is  simply  uj-8/3  , and  is  in  accordance  with  other  results  found  in  the 
literature  (Ishfmaru-1972) . However,  the  shape  of  the  spectra  for  values  of  greater  than  sero 
are  strongly  influenced  by  the  effective  aperture  radius. 


4.  Calculation  of  the  scintillation  noise  to  carrier  ratio 


Substituting  p " o in  tha  expression  (2-9)  we  obtain  the  scintillation  noise  to  carrier  ratio, 


|C|’ 


= Jl 
an 


r"/6  -xW 


s.  Ci  jx«*x  (*'+  Vi*rVA-e 


(A-l ) 


Here  we  have  substituted  the  expressions  (3-3)  and  (3-4)  for  $ and  |$*(>0  /q*(o)  ^respectively . This  prac- 
tice will  be  continued  in  the  rest  of  this  paper  without  n<'tic8?  Since  the  integral  in  the  above 
expression  is  independent  of  the  wavenumber  k,  the  scintillation  noise  to  carrier  ratio  is  proportional 
to  f , where  f is  the  frequency.  The  corresponding  expression  for  the  amplitude  scintillation  is; 


rh  f x dx  V1*  * foil  -t r/5#  fl-  ^ } 


(4-2) 


IC|»  MTC  "•o' 

and  now  the  integral  over  K is  dependent  on  k.  Fig.  3 shows  a plot  of  °r;  x versus  frequency  for 

different  aperture  sizes.  From  these  plots  it  is  clear  that  oa2/|C|*wil'  _o  increase  for  increasing 

frequencies,  although  this  increase  may  be  very  small  for  large  aperture  sizes.  Since  the  increase  in 

o 2 / I C I*  is  always  less  than  6 dB  per  octave  (the  increase  in  a ‘/lei*  ),  and  since  o 2 “ o 2 + o.2, 
a 1 n 1 n a <p 

we  may  conclude  that  for  higher  frequencies  phase  scintillation  becomes  relatively  more  important  than 

amplitude  sctintillation.  Therefore,  for  very  high  frequencies  scintillation  consists  almost  entirely 

of  phase  scintillation. 


Fig.  4 shows  a graph  of  both  On2/^!1  end  0a2/|C|l  versus  the  effective  aperture  radius  a . Since  the 
frequency  dependence  of  e»n2/ Icl*  i*  again  simply  f2  , we  have  plotted  this  figure  for  only  one  frequency. 
For  the  amplitude  scintillation  case  we  have  plotted  two  lines  for  10  and  90  GHz  respectively.  All  lines 
show  a decrease  with  increasing  aperture  size,  although  for  an2  this  decrease  is  not  very  strong.  The 
decrease  for  o 2 shows  that  for  relatively  large  apertures  scintillation  noise  consists  almost  entirely 
of  phase  noise,  and  this  effect  is  more  pronounced  for  higher  frequencies.  Besides  these  effects,  the 
plot  of  a 2 at  90  GHz  clearly  shows  a saturation  effect,  i.e.  the  decay  of  a 2/|e|l  as  a result  of  an 
increasing  aperture  size  is  less  pronounced  for  relatively  large  aperture  sizes. 


The  foregoing  behaviour  of  the  amplitude  noise  to  carrier  ratio  for  various  frequencies  and  receiver 
aperture  sizes  can  be  explained  simply.  As  stated  earlier,  the  turbulent  atmosphere  causes  a place 
dependent  phase-distortion  of  the  incident  plane  wave.  Owing  to  this  distortion  the  wave  will  split  into 
several  plane  waves,  all  propagating  in  various  directions  (fig.l).  Amplitude  scintillation  is  the 
result  of  destructive  interference  of  all  these  plane  waves  in  the  aperture  plane.  To  reduce  amplitude 
scintillation,  one  could  use  some  form  of  spatial  filtering,  viz.  a highly  directive  antenna,  which 
suppresses  plane  waves  having  an  angle  of  incidence  greater  than  the  beam-width  of  the  antenna,  and 
which  prevents  the  waves  from  contributing  to  the  amplitude  scintillation  noise  any  longer. 

An  increase  in  frequency  will  then  result  in  a decrease  in  the  antenna  beamwidth;  hence  a given  aperture 
size  will  be  a more  effective  spatial  filter  for  higher  frequencies,  as  can  be  clearly  seen  from  the 
plots  in  fig. 3. 


5.  Scintillation  noise  versus  thermal  noise 

In  a satellite  conmunication  system  operating  above  10  GHz  one  has  to  deal  with  thermal  noise  in 
addition  to  scintillation  noise.  To  decide  which  of  these  noises  will  play  a dominant  part  in  the  over- 
all performance  of  the  communication  system,  one  has  to  know  the  influence  of  scintillation  noise  on  the 
bit  error  rate  of  a digitally  modulated  carrier.  This  influence  depends  on  the  type  of  modulation,  and 
therefore  falls  outside  the  scope  of  this  paper.  We  shall  deal  here  only  with  the  scintillation  to 
thermal  noise  power  ratio,  since  it  depends  mainly  on  this  ratio  whether  scintillation  noise  will  play 
an  important  part  in  the  overall  performance.  The  carrier  to  thermal  noise  ratio  may  be  written  as: 


Mtt.  ItTjB 

, where  k is  the  Boltzmann  constant,  Tg  the  system  noise  temperature,  and  B the  bandwidth.  P is  the 
received  power,  that  is  r 

<5-2> 

Here,  P G is  the  satellite  E.I.R.P.  and  in  the  currently  used  systems  it  is  about  27  dBW.  The  factor  r 
is  the  distance  from  the  satellite  to  the  receiver  point  on  earth  and  is  about  4.107  metres.  We  again 
choose  a Gaussain  function  for  the  receiver  aperture,  so  g (0,0)  • 2®  /it.  Substitution  in  the  above 
carrier  to  noise  ratio  gives 

iSJ-=  — S — STCdO1  (5-3) 

N*  kT,3 

where 

d = 7^%  » -13  S 

Using  the  expression  (4-1),  the  scintillation  to  thermal  noise  power  ratio  is  given  by: 
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Q ^ 

Fig.  5 shows  a plot  of  n /W^  at  • function  of  th«  effective  antenne  rediua  .cr  for  10  GHz.  We  have  uaed 
the  following  constant*:  ' 

a - -135  dBW/m2 

- 30°k 

C2  » 5.10-12  m ^ (atrong  turbulence)  B - 3.103  Hz 

9 2 . 

A plot  of  * 'N  versus  a at  10  and  90  GHz  is  also  shown  in  the  figure.  It  is  clear  from  this  plot  that 
for  strong  turbulence  scintillation  noise  is  much  larger  than  thermal  noise.  The  same  statement  holds  for 
the  amplitude  scintillation,  although  there  is  a maximum  value  for  this  ratio.  However,  the  fact  that 
scintillation  noise  is  larger  than  thermal  noise  does  not  say  that  the  influence  of  scintillation  on  the 
performance  of  the  system  will  be  more  important.  Since  scintillation  noise  has  a very  narrow  power 
spectrum,  its  influence  on  a modulated  carrier  can  not  directly  be  compared  with  that  of  white  thermal 
noise. 


6,  Conclusion 

We  have  given  a theoretical  derivation  for  several  statistical  properties  of  the  scintillation  noise. 
Although  the  model  used  is  a very  simple  one,  the  results  are  in  agreement  with  others  found  in  the 
literature  (Tarterski-1961 ; Lee  and  Harp-1969).  Some  calculations  of  the  scintillation  noise  to  signal 
ratio  are  shown.  From  these  it  is  clear  that  the  higher  the  frequency  the  more  important  becomes  phase 
scintillation  relative  to  amplitude  scintillation.  From  the  practical  point  of  view  this  is  a drawback, 
since  the  measurement  of  phase  scintillation  is  much  more  difficult  than  that  of  amplitude  scintillation. 
In  addition  it  seems  reasonable  to  assume  that  phase  scintillation  will  have  a greater  influence  on  a 
digital  phase-modulated  carrier,  which  is  the  modulation  method  generally  accepted  for  frequencies  above 
10  GHz. 

In  the  latter  part  of  this  paper  we  have  seen  that  the  scintillation  noise  power  is  at  least  comparable 
with  the  thermal  noise  power.  So  it  seams  reasonable  to  assume  that  scintillation  noise  will  have  an 
influence  on  the  reliability  of  satellite  communication  systems  working  in  the  frequency  band  above  10 
GHz.  But  so  far,  no  Wact  calculation  of  this  influence  has  been  published.  This  should  be  the  subject 
of  further  study. 


Appendix  I : Calculation  of  the  covariance  function 
In  section  ’ we  found  for  the  received  field 


E(WL)  ■ C + n,c 


where 


and 


C - g4(o,o)e 


jkL 


The  normalised  covariance  function  is  given  by 

jjft  C*  <*•  1)  = j~Ji  < "« <*•.  fc)  hi  (*•«*-  *♦•»)> 


Since 

and 

we  find 


(Al-1 ) 


• 0 «©• 

dlj  **)?  = **'***  ^ **»»)  6 ( fn  H**,,  dir*,  dk,j, 

(Tartsrski-1961) 

l^‘V|)  = £ J**.  1^1'  * 


Here  Fn  denotes  the  two-dimensional  power  spectrum  of  the  refractive  index  fluctuations. 
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Rear:  angement  of  the  terms  in  the  above  expression  gives: 

s l^ni— . HH..S*.-*.)  <‘'-3> 

**  o 

Substitution  of  £ • tj  - z^  and  s “ i ( r { + z^)  in  the  last  integral  gives 
Integral  I - \\ dt ds 


where  the  area  D is  a rhomb.  A similar  integral  has  been  evaluated  earlier  in  the  literature  (Tar tar ski- 
1961)  and  this  will  not  be  repeated  here.  We  only  state  that  under  the  assumption  F (0-*o  for  l > L 
(the  outer  scale  of  turbulence)  and  Lq  <<  L the  integral  is  approximately  equal  to:11 

la  J<is 

where  * is  the  threedimensional  power  spectrum  of  the  refractive  index  fluctuations.  In  an  isotropic 
stochastic  field  ♦ is  only  a function  of  it  ■ /k  * * k In  addition.  $ will  only  have  a non-xero 

value  for  x-valuesnmuch  smaller  than  k.  But  since  k »^/k-  - x"  we  can  wPite 

z 


In  this  case 


k-ltiS  it-lk-^)a^-*o  for  x « k 
X a }cts  ^(k,.k,)  = tds  £,<x) 


(Al-4) 


Substitute 


then 


x - p ces  Vf 

y - p Sih  if 

L •* 


and 


k ■ - coj  8 
x K 

ky  - k sin  6 


$-<y>  r i.  ("f> 


(Al-5) 


We  have  assumed  implicitly  that  the  antenna  gain  function  has  rotational  syranetry  round  its  main  axis, 
which  in  practice  is  a fairly  good  approximation. 


Appendix  II;  Covariance  function  for  amplitude  and  phase  scintillation 
The  amplitude  fluctuations  of  the  received  field  are  given  by: 

Since  in  section  2.  we  assumed  <<  I and  since  |c|  is  !,  we  can  write  (Lee  and  Harp-1969): 
4,=  (-U  - H-TU^  -1= 


(A2-1) 


Therefore 


L oe 

= f ^(k..k,,z) 


(A2-2) 


where  we  ha*e  used  the  relations  g *(k  ,k  )-  g (-k  ,-k  ) and  di*(-k  ,-k  ,z)  - * (k  ,k  ,z),  both 

“ * . y ® * y x y x y 

functions  being  the  Fourier-transforms  of  real  spatial  functions.  The  amplitude  covariance  function  is 
given  by: 


= < <5 »(*.,  <j.)  <S*  (*.♦*,>  + <f)  > = 


i»  L 


= ^ch,dx,  ^twi(k-k,)(L-i,).  n'x(k-kn)(l-Z,)  x 


(A2-3) 


* (* 1 k«, , ' * k«j,}  (-  k„ k1t)  < ob)  ( , 7,)  dlj* ( k«, , \cy , Z,)  > 
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Th«  evaluation  of  thi*  expression  ia  similar  to  that  in  Appendix  I.  Ha  find 

The  phase  fluctuations  era  given  by  the  expression 

6f  * 

Nov  the  covariance  of  n can  be  written  as: 

sc 

**  <*♦*. *♦<*» 

-<[**  nwi&At  H,  hlyifctJd.  + x,  x,  * 

= ra*^,  + iif 


(A2-4) 


(A2-5) 


»,*.♦«)  J; 


ITT*  * Te?  + A 


(A2-6) 


Therefore,  the  phase  covariance  is  given  by 


i£pwH&Jd,<,*c"^)JMa*»  VXf) 


(A2-7) 
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DISCUSSION 


E.  J.  FREMOUW : I)  Paper  is  fine  example  of  systematic  application  of  scientific  re- 

sults to  an  engineering  question.  2)  I thi/ik  you  are  dealing  more  directly  with 
quadrature  component.:  of  the  complex  signal  than  with  amplitude  and  phase.  Terminology 
may  be  important  to  * /ineers  trying  to  apply  results,  3)  Do  you  have  any  d&ta  or 
plan  any  experiment!-  to  examine  the  first-order  statistics  of  a tropospherically 
scintillating  CW  sig  on  the  complex  plane? 

M.  J.  M.  VAN  WEEr'T;  ",  This  comment  of  Mr.  Fremouw  is  in  essence  correct,  since  in 
Appendix  II  of  jny  paper,  amplitude  and  phase  of  the  received  wave  are  given  as  the 
real  and  imaginary  part  of  the  complex  wavej  but  in  the  case  when  the  scintillation 
is  very  small.-  as  I have  assumed  here,  the  difference  between  amplitude  and  phase  and 
the  quadrature  components  will  be  negligible.  3)  In  1975,  we  have  planned  an  experi- 
ment on  a horizontal  link,  where  we  will  measure  amplitude  and  phase  scintillations. 

We  will  also  examine  the  first-order  stc.isticr. 


pod  KMcmtmmmc  oag/ttinmi  program  - am  overview 


John  J.  O'lril 
Ccaasunloatlcna/ADP  Laborator, 
0.8.  Army  KL*ctroolc«  Cowad 
Tort  Mammouth,  Mr  Jar* ay 
United  State*  of  Asmrlea 


An  ovarvi*.*  of  the  Department  of  Defames  Hsctrumagnetlc  Compatibility  Program  1*  praaantad.  mi* 
integrated  program  intended  to  ensure  the  electromagnetic  ccsqmtlblllty  of  all  alaetrlcal  and  elactronlc 
equipments,  subsystem  and  eyst mss  produced  and  oparatad  by  covenants  of  tha  Oaf  an*  a Department  In  any 
electromagnetic  environment,  raaultad  la  tha  establishment  of  eight  aajor  program  araaa.  Tha  statu*  of 
aaeh  of  thaaa  araaa  1*  axaalnad  with  particular  emphasis  on  tha  araaa  of  BC  Standards  and  Specifications 
and  Hsasurmsnt  Taobnlque*  and  Instruaantatlon.  Plana  of  tha  Dapartaant  of  Amy  to  solva  opa rational 
problem  am  also  revlewad. 

i.  awRonjcnai 

Tha  Dapartaant  of  Dafaaaa  In  i960  laauad  a Him  annua  to  tha  Saeratarlas  of  tha  Amy,  Davy  and 
Air  Foma  daflnlng  policy  and  objeetlvm  and  establishing  a co*q>r#han*iv*  prograa  In  aajor  araaa  of  v)at 
waa  than  tanaad  Radio  Frequency  Co^etlbllity.  Although  aach  service  had  In  balm  at  that  tlna,  and  for 
aaay  yaara  previously,  a prograa  to  copa  with  thalr  lntarfaranca  problme  this  mmorandum  cl  tad  » pacific 
actions  to  ba  lnitiatad  and  astabUahad  relatively  short  targat  data*  for  thalr  accompli  afcnant.  Tha  noat 
Imadlate  rasponsa  to  this  aanorandua  waa  tha  establishment  of  tha  Electromagnetic  Compatibility  Analysis 
Geuter  (ECAC)  which  will  ba  dlscussad  la tar. 

Tha  Initial  raaulta  of  this  action  to  tha  Trl  -Service  Sacratarlaa  waa  noat  ancauraglng,  however, 
tha  Directive  did  not  assign  datallad  msponslbllltlaa  nor  a* sura  an  lrtagratad  DoD  program.  Thus,  In 
1967  DoD  Issued  Directive  Mo.  3222.3  antltlad,  "Dapartaant  of  Dafaaaa  nectromagsatlc  Compatibility  Pro- 
gran".  This  Directive  asslgnad  * pacific  or  Joint  raaponslbllltlas  to  DoD  coapomants  for  laadarshlp  in 
eight  program  areas.  These  arose  ware  Standards  and  Specifications  which  was  asslgnad  to  tha  Mavy  Dept; 
Measur— ant  Techniques  and  Instrumentation  to  tha  Amor,  Data  Base  and  Analysis  to  the  Air  Force;  Test  and 
Validation  to  tha  Amy.  Education  for  BC  and  BC  Design  Techniques  warn  asslgnad  to  all  DoD  components 
and  Concepts  and  Doctrine  and  Operational  Problem  to  tha  Joint  Chiefs  of  Staff.  Tha  Directive  was  broad 
In  scape  as  its  cited  purpose  was  to  ensure  Electroamgnstle  Compatibility  of  all  Military  caminl  cations - 
electronic s equipments,  subsystaaa  and  system  during  conceptual,  design,  acquisition  and  operational 
phases.  Its  objective  was  thraa-fold  - 

a.  Achievement  of  Klactrnmgmtlc  Com>atlblllty  of  all  electronic  and  alaetrlcal  equipments,  sub- 
system and  system  produced  and  oparatad  by  components  of  tha  Depaitmnt  of  Dafansa,  in  any  electro- 
magnetic environment. 

b.  Attainment  of  built-in  design  compatibility  rather  than  use  of  after-the-fact  remedial  mea- 
sures. 

c.  Fostering  of  cosmos  DoD-wlde  philosophies,  approaches  and  techniques  in  tha  design,  production, 
teat  and  operation  of  C-E  equipments . 

Further,  tha  Directive  incorporated  tha  following  definition  of  EN3  which  has  become  tha  accepted 
standard;  "Mlactrcmgnatlc  Compatibility  is  the  ability  of  communications -electronics  (C-E)  equipment, 
subsystem  and  system  to  operate  In  thalr  intended  operational  environment*  without  suffering  or  causing 
unacceptable  degradation  because  of  unintentional  electromagnetic  radiation  or  response*.  Tha  Directive 
also  required  that  whenever  possible  all  capabilities  attained  under  this  prograa  ba  made  available  to 
other  Qovermant  agencies  and  the  civilian  cnmmlty  and  that  a close  relationship  be  maintained  with 
Electronic  Countermeasures  (BCM),  Electromagnetic  Pulse  (BC>)  and  tha  Radiation  Hazards  (RAD  HAZ)  Fru- 


it should  ba  noted  that  tha  Directive  hue  bean  updated  several  times  since  its  original  issuance 
but  the  changes  have  beaa  relatively  minor. 

Subsequent  to  tha  Issuance  of  thla  Directive  aach  Service  issued  thalr  own  regulation  Implementing 
tha  DoD  Directive.  AR  11-13  was  Issued  by  the  Krmf,  the  Secretary  of  tha  levy  Issued  SEOUVUIST  24 10.  IB 
and  tha  Air  Force,  AFR  80-23.  Thus,  for  tha  first  time  tha  problem  of  achieving  electromagnetic  compat- 
ibility was  fully  recognized  at  tha  highest  levels  and  a comprehensive  integrated  Prograa  delineated  for 
all  major  araaa. 

2.  axxERAi,  urcwweicM 

2,1.  Standards  and  Specifications . 

Prior  to  tha  establishment  of  tha  DoD  Electromagnetic  Compatibility  Program  considerable  confusion 
existed  in  raqulramsnta  for  the  eleetrasagnstle  compatibility  of  equipments  and  system  as  each  service 
had  thalr  on  specifications.  Consequently,  there  ware  Instances  wherein  Identical  material  used  Jointly 
by  twe  or  more  Services  were  frequently  required  to  mast  widely  differing  requirement*.  This,  of  course. 
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was  confusing  to  tha  manufacturers  and  certainly  not  cost  effective.  In  addition,  there  were  minerals 
other  documents  which  «m  directly  allied  to  the  electromagnetic  compatibility  program  which  required 
rrrlt*  and  updating. 

Upon  laauaaea  of  ttaa  DoD  Dlraotlva  tba  Off lea  of  the  Assistant  Sac ratary  of  Dafanaa  requested  that 
Immediate  action  ha  lnltlatad  to  correct  tha  problem  of  overlapping  SC  requlresmnts  for  squipsmnts  and 
after  numerous  Trl-Sarvlca  meetings  FIL-STD  461,  aotltlad:  "Electromagnetic  Intarfaranca  Charaotarlatlca 
Requirements  for  Iquipswnt",  MIL-3TD  462,  antltlad:  "Electromagnetic  Intarfaranca  Charaotarlatlca,  Mea- 
surement Of",  and  WL-3TD  463,  antltlad:  "Daflnltlona  and  Syatana  of  Units,  Electromagnetic  Intarfaranca 
Technology"  wara  laauad.  These  doouaanta  auparaadat  nuaaroua  alngla  aarvloa  apaclflcatlona  and  have  haan 
updated  several  tlaaa  since  thalr  original  publication.  Tha  lataat  draft  raviaion  of  KIL-STD' s 46l  and 
462  warn  circulated  for  review  In  lata  1970  and  1971-  evaluation a of  tha  ccmeents  on  each  are  alaoat 
complete.  Prior  to  laauaaea,  the  trl-aerrice  working  group  will  fulfill  lta  coadtaant  to  neat,  with 
repreaantatlvea  fron  the  Aaroapaca  Induatrlaa  Aaaoclatlon,  Electronic  Induatrlaa  Aaaoclatlon  and  tha 
Society  of  Automotive  Saglnaara  BC  cobalt  tea  a to  Indicate  tha  dlapoaltloa  of  tha  Industry  comments. 

The  ravlalcna,  which  will  ha  pub  11  a had  aa  "B"  la  sue  a of  seteh  standard  will  incorporate  tha  require*, 
maota  new  publlabad  In  the  various  notices  of  ICL-STD  46 1A.  Tha  requirements  and  Units  aatabllshad  In 
tha  standard  will  ha  baaed  upon  tba  mission,  type,  charaotarlatlca,  function  and  Intended  Installation  of 
tha  speclfle  equipment  and  will  be  applicable  to  tha  extent  specified  In  the  individual  equipment  speci- 
fication, contract  or  order.  Specific  requirements  that  suet  be  mat  are  to  be  baaed  on  those  In  tha 
standard  and  defined  In  tha  procurement  documentation.  At  laast  two  sals  of  requirements  tables  will  be 
Included.  One  sat  will  define  the  amission  and  susceptibility  requirements  for  categories  of  equipments 
(l.e.  communications,  surveillance,  navigation,  etc.)  end  specific  types  of  equipments  within  that  cate- 
gory (l.e.  receivers,  transmitters,  a^kll flare,  etc.)  The  second  set  of  tables  will  define  emission  and 
susceptibility  requirements  for  equipments  intended  for  Installation  In  tha  categories  defined  In  tha 
standard  (l.a.  aircraft,  spacecraft,  missiles,  shipboard,  submarine,  shore  stations,  etc.)  Each  amission 
and  susceptibility  requirement  will  have  e limit  which  say  be  Invoked  regardless  of  the  Intended  Installa- 
tion of  tha  equipment  end  each  will  have  modified  limits  based  on  the  intended  Installation.  Specific 
requirements  which  would  be  applicable  for  e given  procurement  must  be  specified  by  the  procuring  activity 
In  accordance  with  its  departmental  regulations  and  procedures.  Additional  tailoring  may  be  recommended 
In  response  to  the  request-f or-proposal  ( ipp)  for  approval  by  tha  procuring  activity;  however,  Justifica- 
tions for  tbs  rsr  — sedations  must  also  be  submitted. 

It  Is  recognised  that  some  confusion  aay  exist  whan  tha  revisions  are  Issued.  Accordingly,  an 
appendix  will  be  Included  In  KIL-STD  46 IB  providing  guidance  for  Its  use  and  procedures  for  determining 
end  specifying  the  applicable  requirements. 

KIL-STD  463  was  also  recently  updated  and  Is  currently  being  circulated  to  all  DoD  elements  for 
review  end  comment. 

In  addition  to  these  three  basic  standards  there  are  other  standards  which  are  presently  under- 
going revisions  end  updating.  At  present  tha  SC  Standardisation  Program  consists  of  the  following  trl- 
servlce  and  single  service  documents: 

A.  Trl -Service  Documents. 

1.  KIL-5TD  220,  untitled:  "Method  of  Insertion  Loss  Ksneuxemsmt" . This  standard  Is  being 

revised  to  Include  several  test  procedures  for  dote  raining  tha  filter  insertion  loss  in  other  then  a 
50-ohm  system.  A draft  Is  expected  In  the  second  quarter  of  FT- 7?. 

2.  KIL-STD  265,  entitled : "Attenuation  Measurements  for  Bicloeurea,  Electromagnetic  Shielding 

for  Electronic  Test  Purposes,  Hatho5~0f" . This  standard  Is  scheduled  for  revision  to  update  the  testing 
requirements  uni  procedures  for  determining  the  attenuation  of  shielded  enclosures  including  shielded 
buildings.  Eo  fire  completion  schedule  has  been  established. 

3.  KIL-STD  449,  entitled:  "Radio  Frequency  spectrum  Characteristics,  Ssegggt  Of".  The 

"D"  revision  of  this  document  was  Issued  22  Feb  1973.  Ibi  Kavy  Is  considering  replacing  this  Standard 
with  an  Equipment  Signature  Handbook  which  will  provide  greater  flexibility  as  well  ee  e standardized 
computer  format. 

4.  KIL-STD  469.  entitled:  "Bader  Engineering  Design  Requirements  for  SC".  A revision  of 

this  Standard  Is  required  to  reflect  the  Radar  Spectra  Siglneerlng  Criteria  learned  by  the  Office  of 
Telecommunications  Policy  (OXP)  In  Its  tfcaual  of  Regulations  and  Procedures  for  Itodlo  Frequency  Manage- 
ment. He waver,  the  Interdepartaent  Radio  Advisory  Coemit  tee  of  OTP  Is  plaanlng  to  reccMsnd  revisions  to 
the  criteria.  Accordingly,  tha  KIL-STD  469  revision  Is  being  held  In  abeyance  until  OTP  has  determined  what 
changes  ere  deemed  necessary.  In  the  interim,  DoD  activities  will  be  Invoking  KIL-STD  469  and/or  the  re- 
quirements of  the  criteria  in  radar  design  specifications.  It  Is  envisioned  that  tba  revised  KIL-STD  469 
will  Invoke  tha  criteria  as  a minima  and  also  include  additional  requirements  deemed  necessary  by  tha 
military  departments  to  ensure  BC.  The  present  schedule  csAls  for  e revision  In  the  fourth  quarter  of 
FT75;  however,  the  pending  OTP  action  will  probably  delay  preparation  of  a draft  revision  for  at  least 

6 months. 

5. '  KIL-B-5067.  entitled;  “Bonding , Electrical.  andLlghtnlng  Protection  for  Asroepecs 
Syetees".  There  is  no  formal  project  for  the  revision  of  this  document.  Btwever,  the  Air  Force  study 
project  on  lightning  limitation  as  well  as  related  efforts  by  tba  Society  of  Automotive  Engineers  AB-4 
CcMittee  on  SC  aay  lead  to  tha  development  of  a revision  of  this  document. 
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• docuaens  vu  lnuad  in  Juna 
provide  guidance  and  eatebUah  a unlfom 
approach  for  the  protection  of  Kavy  electronics  fraa  tha  adverse  affacta  of  tha  electromagnetic  environ- 
ment. txaapleo  of  eyatasw,  subayeteaa  and  equipment*  to  which  tha  handbook  nay  ba  applloabla  ara:  (1) 
aoroapaea  and  weapon*  ayitaee;  (2)  ordnance;  (3)  support  and  a hack  out  equipment  and  lnstruawnta;  and  (4) 
any  othar  electronic  equipment  or  system  which  nay  ba  exposed  to  a high  lstanalty  electromagnetic  environ 
■ant  during  lta  Ufa  eye  la.  Tfe*.  handbook  any  alao  ba  uaad  to  tailor  tha  radlatad  auaeaptlblUty  Unit 
of  HIL-3TD  46l  and  tha  raqulraaanta  of  KIL-1-6051.  Hm  handbook  la  laauad  In  thraa  parta  with  Part  1 
providing  general  lnfomatlco  on  tha  uaa  of  tha  handbook  and  Parta  2 and  3 daaerlblng  iha  electromagnetic 
lavala  which  nay  ba  anoountarad  by  tha  gavy's  ayataaa.  Recently,  action  waa  takan  to  apdata  tha  handbook 
aa  vail  aa  expend  lta  covaraga  to  aircraft  and  ahora  atatloo  environment*.  In  addition,  othar  DoD 
aganclaa  vara  requested  to  furnlah  data  00  environments  to  which  thalr  equipments  nay  ba  axpoaad  ao  that 
all  alactronagnatlo  air  1 1 want  data  can  ba  contained  in  oaa  docunant.  A draft  rawlalon  la  axpaotad  In 
third  quarter  of  FT-T5- 

2.1.1  Waivers  of  Standard  Requirement*. 

Tha  afforta  devoted  to  tha  preparation  of  atandarda  ara  wanted  If,  whan  cited  In  a contract,  tha 
requl’vnants  ara  subsequently  waived.  The  DoD  Directive  took  cognisance  of  thla  fact  and.  required  that 
authority  for  valvar  control  ba  estabUahed  at  a level  determined  by  tha  Secretary  of  tha  Military  De- 
partnant.  in  tfc,  inatanea  of  tha  Department  of  Army  thla  authority  originally  waa  rea ted  In  tha  Office 
of  Aaalatant  Chief  of  Staff  for  Coaaaunloatlona-Sleotrcnlea.  To.-war,  a Inca  the  reorganisation  of  tha 
Any  staff  tha  0.  3.  Any  C renin  1 oat  Iona  CcMand  la  tha  responsible  organisation.  In  practice  whan  a 
contractor  requests  a valvar,  the  government  project  engineer  with  the  assistance  of  his  SMC  specialist 
can  generally  recoemend  a solution  to  the  problaa.  if  a solution  Is  not  readily  forthcoming,  the  latter 
is  referred  through  charnels  to  R},  AMC  vio  then  ay  elect  to  call  ot\  SC  apeclaUata  In  another  canend. 
Rarely  do  requests  ."or  waivers  reach  tv«*  higher  aohalona  and  rarely  ere  they  approved. 


2.2 


it  Techniques  Ml  Instrumentation 


Aa  — stiooad  above  tha  coordination  responsibility  for  MB  NHnnont  Techniques  and  Xustn^aan ta- 
ttoo mi  assigned  to  tha  Department  of  Army  and  subsequently  to  the  llaetronlaa  Cn. manrl  ■ Tba  moat  vta- 
//  lbl*  output  of  this  assignment  la  tba  laauamM  of  aa  a— ml  plan  whic>,  provide#  a ceaprehaaaiva  lilting 
■~f  of  tba  afforta  of  tha  thraa  services  and  their  aaodi  la  thia  area.  Tba  pita  la  forward  ad  thru  ehanaala 
( to  tha  Joist  Chi  of  of  staff  aad  serves  a a a roady  reference  for  many  othar  offloM.  fcch  service  baa  lta 
earn  program  to  aatlafy  thalr  particular  aaada. 

Tha  Any 'a  program  la  baaed  on  tha  ganerrJ.  philosophy  that  tha  profit  aotlvo  aad  ei— etltlon  at 
thla  tlaa  ara  auah  that  industry  la  willing  to  expend  lta  m raaouroaa  for  general  typo  of  laatruaaota. 
Therefore,  tha  Aisqr  oomcomtratoa  am  tha  development  of  advanced  instrum* n tattoo  eo'cepta,  design  of  Im- 
proved lnatroaa atatloo  circuitry,  design  of  apoeial  applloatloo  laatn— ata,  development  of  lmprorad  mea- 
auraaant  technique#  aad  call  brat  loo  standards.  Poll  owing  ara  typical  examples  of  racant  Army  taaka: 

a.  SatabUabad  aaaauraaaat  technique#  aad  parmlnlbla  laroli  of  latarfaraaca  for  digital  racalrari 
aad  transmitter*. 

b.  Co— latod  tha  design  of  a modalarlaad  naasi-xlng  laatn— nt  covering  tha  frequency  rang*  of 

30  Hz  to  40  CRx.  This  laatrumaat  vaa  dailgaad  ao  that  only  tha  modulai  required  for  a l pacific  taak  ara 
uaad.  Thus,  tha  ayatM  cam  rary  from  a fully  automatic  computar  controlled  lyitam  for  laboratory  typo 
measurements  to  a amall  portable  ruggodlxad  unit  a ul tab la  for  flold  surveys* 

e.  Dare  loped  calibration  technique*  for  1— ulaa  generator* . 

d.  Initiated  tha  Investigation  of  tha  MB  chareetarlatlea  of  Mt  Ware  aqulpmmta. 

a.  Continued  tha  lareetlgatlan  of  lmprorad  measurement  technique*  la  ■ hi aided  encloeurea  includ- 
ing tha  development  of  a eat  of  new  ant—. 

2.3  Bata  Baaa  ami  Analysis, 

The  responsibility  for  tha  Data  Baaa  and  Aaalyala  Program  vaa  maligned  to  tba  Air  Force  who  estab- 
llshad  tha  Klactromagaatlc  Compatibility  Analysis  Center  (BCAC).  BCAC  pro rldei  aaalyala  lupport  for  MB 
problems  la  Joint  Inters  arrlca  and  drill  an -military  elect  romajnetlc  enrlronmanti.  may  ■ peel  all  xe  in 
slte-orlented  or  fixed  location  typo  analysis  aad  harm  expertise  la  the  aaalyala  of  large  radar  syatmas. 
Tha  Center  has  a rary  axtanslra  data  baaa  which  can  be  categorized  as  follows: 

a.  Bwirm— atal  data 

b.  Equipment  tachnlcal  charaotarl sties  data 

c.  Topographic  data 

d.  Spactrvm  allocations  and  usage  data 

a.  Organizational  platforms  and  allowances  data. 

(1'  ftrviroomental  data  Indicates  tha  disposition  and  use  of  C-E  equipment  in  various  regions 
of  tha  world.  The  data  la  contained  la  aa  Environment  pile,  a Frequency  Allocation  Application  Pile,  - 
Tactical  Pile,  a Future  File  and  a Frequency  Records  File. 

(2)  Equipment  characteristics  data  identify  tha  technical  chareetarlatlea  of  C-X  equipment 
both  military  and  civilian.  These  data  are  contained  la  tha  nominal  Characteristics  * ~le;  there  ara 
additional  data  In  tha  library  of  Spectrum  signature*  for  more  detailed  aaalyala  Involving  selected 
equipments. 

(3)  Topographic  data  ara  stored  In  computar  fora  to  support  propagation  calculations  aad 

alt*  analyses. 

(4)  Spec  trims  allocations  and  usage  data  Identify  rulee  aad  regulations  promulgated  by  U.S. 
aad  foreign  national,  and  International  agencies  governing  aa*  of  the  electromagnetic  spectrum. 

(5)  Organizational  platform*  and  allowances  data  identify  e a— mi  cations -electronic*  emitter* 
aal  receivers  contained  In  various  configurations,  systems  and  organisations,  Including  tactical  units, 
ships  and  other  marina  vessels,  aircraft,  satellites,  missile  systems  aad  major  cn— ml  cat!  one -electronics 
systems  of  all  military  departments  and  tha  Department  of  Defense,  a limited  number  o.  other  government 
aad  non-go »ei  newt  systems  are  also  Included. 

I 

Tha  Any  also  uses  the  MB  data  base  nmlntalnad  by  the  0.  S.  Any  Management  System  Support  Agency. 
Thla  data  baaa  has  three  types  of  MB  files: 

a.  Tactical  Deployments  Mg.  This  file  contains  large  scale  C-I  deployments  developed  and  main- 
tained to  aatlafy  tha  analysis  of  a£  probl— » related  to  defined  force  structure*,  including  C-E  equip- 
ments for  both  friendly  and  opposing  forces.  The  deployments  are  cantered  around  major  Any  studies  and 
provide  tha  basic  tool  for  analyzing  tha  MB  Implications  of  new  equipments,  organization  and  concept*. 

b.  Tactical  Fixed  Films.  Thee*  files  ora  uaad  to  create  deployments.  They  consist  of  tba  Equip- 
ment Authorization  File,  which  contains  a suamary  of  the  emitting  and  receiving  equipment  In  all  Table* 
of  Organization  and  Equipment,  Tables  Authorisation,  and  Aircraft  Configurations;  The  Equip— nt  Char- 
acteristics File;  The  Antenna  File;  „ .*  Equipment  Application  File;  The  Ret  File;  and  the  Coda  File. 


«•  tommeal  Fllec.  Iwn  files  cental*  the  essential  inforaatloo  fro*  tU  DoD  Frequency  Alio* 
••tien  (Prey aaaey  Allocation  to  Iquliaaet  File)  sad  Coat  and  Quantity  Intonation  plus  soee  Hal  tad 
tog iwtleul  Intonation  on  all  A ny  Bqalpnant  covered  by  an  Allooatlon  (Any  Iqulpaaat  Records  nia). 
toy  on  van*  to  gemrete  the  Amy  portion  of  tba  Mlltary  Rellti.**  Report,  to  provide  spaolal  retrievals 
and  tha  Preymeey  Allooatlou  to  Squlpunat  Pile  la  provided  annua , y to  apaolfle  DoD  offloaa. 

ton  MAC  and  0BAW3A  data  baaaa  an  continuously  updated  aa  a air  equipeents  an  developed,  procured 
or  authartaed.  toaaa  data  fllaa  an  continuously  quart  ad  for  Intonation  to  support  BC  analyses  and 
evoluutlcea. 

Ia  tha  Aaalyala  Ana,  KAC  parfona  aaalyala  Involving  equipment,  alto  selections  and  B tC  evalua- 
tions, ooalta  aaalyaaa  of  oo-louated  equipments,  intar-  aad  lncrm-aystce  cnvlrnieawtal  BC  aaalyaoa  aa 
mlatad  to  faolUtlao  opantlnc  la  both  COWS  aad  fomlgn  environments.  Tha  aaalyaaa  dataralna  tha  in- 
pact  of  proposed  C-I  ayataa  on  tha  anvlroaaoot  aad  vice-versa.  Frequency  assignment  guideline  and 
dagrt  da t loo  to  ayataa  parforaa aee  an  tvpleal  KAC  ontputi  aa  noult  of  analyse*.  Alio  Included  an 
ndar  coverage  dlagreee,  llae-of-elglrt  profllaa  aad  power  danalty  plota  which  -re  all  tarraln  dapandaot. 

2.1  tost  aad  VOlldatlsa. 

too  font  and  validation  pragma  was  alio  aaalgnad  to  tha  Department  of  Amy  and  subsequently  to 
tba  tost  aad  ■valuation  Ccwand.  tor  DoD  Dlraetlva  aatabllahod  this  prograa  araa  to  astablish  coofldanca 
In  BC  stand  ,«di  aad  aaalysls  and  pradlctloo  afforts  aad  to  anaum  sarrlea  taat  aad  ops  rational  a valua- 
tions of  equipments  aad  systsaa  In  typical  alactroaagnatlc  snvlronaants.  ton  Electromagnetic  Xnvlroo- 
aantal  toot  facility  (MR?)  located  at  Port  Buachuca,  Arltoaa  ia  tha  largest  trl-sarvica  facility  of 
this  typo.  All  Amy  sat  .-lul  which  dapaad  oa,  or  napood  to,  alactrcaagaatlc  phanoaaoa  auat  demonstrate 
that  It  la  compatible  with  its  alactroaagnatlc  environment  aad  thus  equipments  at  various  stages  of  Its 
Ufa  cyola  an  subjected  to  axaad nation  at  Port  ttauhuoe.  too  facility,  which  Is  contractor  opamtad, 
uaaa  seven  interrelated  capabilities  to  accoeylleh  Its  tasks:  aa  laatruaaatad  Work  shop,  a insfin  ayataa 

Slaulator,  a Soorlag  facility,  a Digital  Scoring  Syataw,  a Speetrea  Sign  tun  facility,  a Plaid  facility 
aad  aa  latertoreaoa  Prediction  Nodal. 

An  araapla  of  Mi  tasting  of  eytlpaent  early  in  tha  life  cycle  la  found  la  tha  currant  testing  of 
a ooaplex,  highly  automated  developmental  air  datonae  system  comprising  a anaher  of  advaaaad  subsystems. 
Tha  design  Includes  multi  pie- function  capability  end  lacorporstes  flrw  control  aad  ccaaamloatlooa  relay 
elements  requiring  coaalderable  electrr—  gw  Stic  activity. 

toe  planned  laasraloa  of  this  ayataa  la  the  elaetrcaaegnetle  eavlnaaaat  of  the  Any  neoesaltated 
that  a cooylete  KM?  aaalyala  be  conducted,  to  Include  the  effect  of  the  aavlroanent  oa  the  ayataa  aa  woll 
aa  tha  affect  of  the  ayataa  on  tha  environment.  Compatibility  with  other  friendly  eyntwe  aad  vulner- 
ability to  anq  couatemaaauno  wan  ewalaad  for  alaalla,  cocminl  cat  leas,  and  mdar  covenants.  A 
digital  enasinl  catlcaa  ayataa  was  lavolvad,  requiring  tha  aaaaaaaaat  of  tha  effect  of  the  alaetronagnetle 
enrrlrcnaeat  oa  the  bit  error  rates  of  aea  sagas  either  seat  or  received . Although  the  alaalle  caayonenta 
wen  not  yet  available  for  aaaaunaNBt,  the  aaalyala  wee  accomplished  aa  the  basis  o t specifications, 
dsslgn  data,  aad  tha  results  of  preliminary  hardware  testa. ' 

A 'teat  bed'  waa  selected  which  cental  aad  all  deployed  friendly  aad  eaaay  equlyasat  la  tha  tins 
toaaa  (period  of  calendar  tins  parti asat  to  the  aaalysls)  of  Interest  as  a basis  free  which  to  dataredae 
tha  effect  aa  aad  free  tha  ayataa  under  taat.  Baaed  os  such  coos  Ids  rations  ea  frequency  easlgnaaats, 
characteristics  of  tmaaalaalana,  aad  looatloa  of  equlpaant  In  tha  test  bed,  potntlel  MC  problems  wen 
naked  la  accordance  with  relative  effect  aad  possibility  of  occurrence. 

2.5  Mueatlca. 

■ach  Service  la  responsible  for  providing  MC  instructional  aaterlal  to  their  design,  aalntsoaacs 
aad  opsretlcnal  people.  Consequently,  each  Series  has  lasaad  annuals,  pnyhleta,  ate.,  derorlblng  MC 
teotalqaaa.  toe  Any  haa  a two  voices  design  guide  which  la  cnuraatly  being  updated;  the  Navy  also  baa 
a two  voluaa  guide,  to*  Air  Pone  has  a tingle  volaan  which  la  constantly  updated  aad  aa  latortoratce 
notebook  detailing  design  practices.  Further,  the  Services  have  prepared  training  fllaa,  the  moat.  recent 
being  a set  of  ten  prepared  by  tha  Bevy.  V a laprta  for  this  aaterlal  an  attained  either  aa  a result 
of  apaolfle  design  efforts  or  free  techniques  evolved  daring  tha  design  of  jta  equipment  or  ayntee. 

2.6  Operational  Problna. 

■aeh  9ervioe  la  also  respcaaibla  for  aolvlag  thalr  problems  of  reported  latertoneee  la  tha  field. 

toe  Clnaeel cstloaa  n— nil  has  thli  reapaaalblUty  ia  tha  Any.  tola  ineenl  la  also  respcaaibla 
for  tha  conduct  of  field  survey*  la  ceamctlaa  with  tha  todlatlca  laaard  problae  aad  gather-ii*  propaga- 
tion data.  At  tha  pnaaat  ties  that  ecaaead  la  publishing  aa  Operational  Ocnoopt  Plea  which  will  autllaa 
procedures  for  reapeadlag  to  ocaplelata  la  tha  field  aad  to  WJT  r sports  (Mmsnmlag , Intrusion,  T'-— r-g 
and  lat artoneaa).  In  addition.  Trees  portable  Ant  malar'.  MB  Mnaenaaat  Systse  toaa  an  balag  procured 
aad  will  be  depltyed  at  strategic  sites  throughout  tha  world,  tons,  tha  Any  will  have  frv  ha  first 
tins  a capability  to  pmwtly  Investigate  aad  reaady  oomtlalmta  received  free  tha  field,  toe  results  of 
those  efforts  will  also  serve  ea  exoalleot  inputs  to  tha  ether  MB  pirognn  ansa. 

3.  CCMCUJBICM 


ton  Department  of  Defease  Pleotrceagartio  OcegetlblUty  Pragma  has  assured  that  each  service  fau 
a viable  progne  ia  tha  ana  of  MB,  that  dose  ooordiaatlca  ecu  the  Servleee  la  sal  stained  and  thsi 
aereful  consideration  la  given  to  tha  MB  prahlae  throughaut  the  life  cycle  of  its  electronic  notarial. 


DISCUSSION 


F.  J.  CHESTERMAN:  Paragraph  2.1.1  Waiver  of  Standard  Requirements:  "Government 

Project  Engineer  and  EMC  Specialist  can  be  overruled  on  a contractor's  request  for 
a 'Waiver'  by  HQ — this  rarely  happens." 

UK  philosophy  is  that  the  Project  Manager  has  the  complete  executive  responsi- 
bility for  the  Project  and  cannot  be  overruled  by  an  "advisory  EMC"  specialist — but 
the  final  accountable  responsibility  rests  on  the  Project  Manager,  even  though  EMC 
specifications  are  mandatory. 

J.  J.  O'NEIL:  The  Department  of  the  Army  has  regulation  AR  11-13  which  establishes 

procedures  for  waiver  control.  The  final  authority  for  granting  waivers  originally 
was  vested  in  the  Office  of  the  Assistant  Chief  of  Staff  for  Communications-Electronics . 
Since  the  recent  reorganisation  of  the  Azmy  staff,  the  authority  reBts  with  the 
U.  S.  Army  Connunications  Command.  The  channels  for  a waiver  request  is  from  the 
contractor  - to  the  procuring  organization  - to  his  headquarters  - and  finally  to  the 
Communications  Command,  with  review  by  EMC  specialists  at  each  echelon.  In  only  very 
rare  cases  of  very  high  priority  items  are  waivers  granted. 

E.  M.  FROST:  In  your  paper  you  have  not  made  a reference  to  information  cooperation, 

particularly  the  Quadripartite  Standardization  Agreement  ABCA  QWG/ES  SWP/EMC. 

Table  B now  in  active  being.  Where  does  this  under  standardization  fit  into  your 
organization? 

J.  J.  O'NEIL:  The  EMC  Standardization  Program  discussed  in  the  paper  is  a formally 

established  Department  of  Defense  program,  coordinated  by  the  Department  of  Navy 
with  participants  from  the  Departments  of  Army  and  Air  Force,  and  is  concerned  only 
with  Department  of  Defense  standards  and  specifications  as  related  to  EMC.  The  ABCA 
Standardization  Agreement  is  an  entirely  different,  although  equally  important  program 
and  was  not  discussed  in  the  paper  as  it  is  not  considered  a part  of  the  DOD  EMC 
Standardization  Program. 
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SUMMARY 


To  ensure  electromagnetic  compatibility  in  systems,  EMC  equipment  specifications  are 
required  to  limit  for  each  unit  the  interferences  emitted  and  specify  a certain  degree 
of  unsusceptibility  to  interference  signals.  An  examination  is  made  as  o whether  it  is 
more  favourable  to  use  a general  EMC  specification  or  system-oriented  specifications 
for  this  purpose.  The  following  solution  is  obtained: 

The  test  methods  and  the  test  philosophy  should  be  uniform  for  all  systems.  MIL-STD  462 
(+  463)  could  represent  a good  basis.  However,  updating  and  expansion  in  various  res- 
pects seem  desirable.  As  far  as  the  limit  values  are  concerned,  it  becomes  evident  that 
the  characteristics  of  the  systems  themselves,  their  environment,  and  the  systems  in 
conjunction  with  which  they  must  possibly  function  differ  too  greatly.  Uniform  limit 
values  either  solve  the  compatibility  problems  with  an  insufficient  degree  o'f  probabi- 
lity or  with  too  high  expenditure.  Establishing  system-related  limit  values  is  considered 
the  optimum  solution;  fixing  limit  values  for  certain  system  classes  (e.g.  satellites, 
ships,  etc.)  is  regarded  as  a good  practical  solution. 


1.  INTRODUCTION 

Advanced  systems  in  the  fields  of  areospace  and  defense  technology  incorporate  a 
large  number  of  electronic  items  concentrated  in  a very  small  space.  These  items,  on 
the  one  hand,  are  used  to  convert  extremely  high  electrical  powers  with  all  secondary 
effects  into  any  possible  frequencies  and  levels  and,  on  the  other,  must  be  capable  of 
receiving  and  processing  lowest  electrical  signals  satisfactorily. 

In  order  to  ensure  the  electromagnetic  compatibility  (EMC),  it  is  therefore  abso- 
lutely necessary  for  each  electrical  item  within  the  system  to  limit  the  interference 
emitted  to  the  environment  as  well  as  to  be  insusceptible  to  a certain  extent  to  exter- 
nal interferences. 

The  US  were  the  first  to  face  this  problem.  The  US  Army,  Air  Force  and  Navy  as 
well  as  the  space  industry  established  various  EMC  specifications  which  several  years 
ago  were  compiled  to  form  a single  three-part  specification  known  as  the  MIL-STD  461/ 
462/463.  This  specification  is  continually  supplemented  by  notices.  It  is  also  widely 
used  in  Germany  for  a great  variety  of  systems.  This  report  will  investigate  whether 
a single  specification  to  be  applied  to  all  systems  is  really  expedient,  whether  the 
above-  mentioned  MIL-STD  is  suited  for  this  purpose  and  which  improvements  could  be  made. 
Generally,  an  EMC  equipment  specif ication  may  be  divided  into  two  sections,  namely  into 
the  test  methods,  including  the  definitions,  and  the  limit  values.  When  investigating 
the  question  as  to  whether  a general  specification  ■'or  all  systems  is  expedient,  diffe- 
rentiation between  these  two  sections  should  be  made. 


2.  DISCUSSION  OF  TEST  METHODS 

The  test  methods  shall  be  used  to  determine  and  characterize  the  interferences  emitted 
by  a unit  during  all  operational  statuses  to  the  environment  as  well  as  any  possible 
susceptibilities  to  interference  signals  from  the  environment.  The  measurements  may  be 
limited  to  the  frequency  range  which  is  of  technical  interest  resp.  expedient. 

The  test  methods  should  approximate  those  in  practice  and  supply  clear  and  repro- 
ducible results.  If  possible,  quantities  should  be  measured  which  are  independent  of 
certain  measuring  instruments.  In  addition,  the  test  operations  should  not  be  very 
complicated.  Furthermore,  it  is  expedient  to  bear  in  mind  when  performing  the  EMC 
equipment  measurements  that  the  equipment  compatibility  within  the  overall  system  must 
be  demonstrated  subsequently.  Thus,  it  should  be  possible  to  use  the  results  of  the 
equipment  measurements  as  far  as  practicable  for  this  purpose. 

The  problems  inherent  in  the  acquisition  and  evaluation  of  the  emitted  interferen- 
ces and  the  EMI  susceptibilities  are  essentially  identical  for  most  of  the  electrical 
systems.  It  is  irrelevant  whether  an  aircraft,  a satellite,  a missile,  a ship  or  ( -"n 
a factory  hall  with  electronically  controlled  machine  tools  is  concerned.  Any  dil  ■ en- 
ces  which  may  exist  can  be  eliminated  in  the  most  cases  by  fixing  the  limit  values. 

It  is  therefore  considered  expedient  to  have  a general  EMC  specification  including  test 
methods.  In  the  following  a survey  is  given  as  to  the  test  methods  which  should  be  in- 
cluded in  such  a specification.  Subsequently,  a comparison  is  made  with  the  only  existing 
specification  of  this  Lind,  i.e.  MIL-STD  462. 
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Fig.  1 shows  an  electrical  unit  with  antenna,  e.g.  a receiver  or  transmitter.  It  is 
coupled  with  its  environment  in  the  following  ways: 

(a)  Conductive  coupling:  i.?.,  through  th'-  power  supply  and  signal  lines. 

(b)  Inductive  coupling:  i.e.,  through  magnetic  fields  across  the  cable  harness  and 
the  equipment. 

(c)  Capacitive  coupling:  i.e.  through  electrical  fields  across  the  cable  harness  and 
the  equipment. 

(d)  Electromagnetic  coupling  (RF):  differentiation  can  be  made  between  the  antenna 
and  the  unit  with  its  cable  harness. 

On  these  11  ks  the  unit  can  emit  interferences  as  well  as  pick  up  interferences  from 
the  environment,  i.e.  be  susceptible  to  interference.  Thus,  to  start  with,  test  methods 
must  be  available  which  consider  all  thes°  possibilities. 

The  individual  units,  in  part,  emit  rather  differing  interference  signals  and 
respond  differently  to  them.  It  is  therefore  recommended  that  not  only  the  spectrum  be 
recorded  but  also  more  detailed  differentiation  be  made.  Theoretically  an  infinite  num- 
ber of  signal  shapes  would  have  to  be  considered.  However,  practical  experience  has 
shown  that  it  suffices  for  EMC  to  characterize  uny  possible  signal  shapes  through  the 
following  (fig.  2): 

(A)  Short-duration  signals  (repetition  frequency  < approx.  10  Hz),  switching  operation 
when  switching  on,  off  or  over  produce. 

(B)  Continuous  signals. 

The  following  can  be  distinguished: 

a)  narrowband  signals 

b)  wideband  signals 

(i)  pulse  spectrum  (repetition  frequency  > approx.  10  Hz)  e.g.,  voltage  con- 
verter, 

(ii)  Random  signals  e.g.,  collector  motor. 

When  combining  the  possible  coupling  links  and  the  signal  shapes  proved  significant  by 
experience,  a survey  is  obtained  of  the  overall  measurements  which  would  be  required  to 
ensure  the  compatibility  of  a unit  with  a system.  The  survey  is  shown  in  Fig.  3.  On  the 
left-hand  side  those  interferences  which  can  be  emitted  are  shown  and  on  the  right  side 
those  which  can  be  picked  up  from  the  environment. 

The  ideal  EMC  specification  would  include  test  methods  for  all  l,inks  and  signal 
types  shown.  It  would  then  be  possible  to  describe  the  EMC  characteristics  of  an  unit 
almost  completely. 

Let  us  briefly  examine  to  which  extent  the  presently  applicable  sole  EMC  specifi- 
cation containing  test  methods  for  equipment,  namely  MIL-STD  462,  meets  this  ideal  con- 
cept. Notice  2 is  usually  applied  in  Germany  to  aeronautical  equipment.  The  results  are 
illustrated  in  Fig.  4.  The  results  for  the  more  recent  notice  4 are  shown  in  Fig.  5. 

It  can  be  seen  that  in  either  case  a large  number  of  measurements  is  covered,  however, 
'J.n  part,  using  not  entirely  perfect  test  methods  or  frequency  limits.  Nevertheless,  this 
MIL-STD  can  be  regarded  as  a good  basis  for  any  conceivable  system  in  the  fields  of 
aerospace,  maritime  and  military  technology.  It  might  even  be  easily  used  in  the  civil 
sector  for  the  solution  of  the  EMC  problems  where  to  date  no  comparable  specifications 
have  yet  been  established.  However,  before  long  such  a specification  will  certainly  be 
required  there  as  well  since  the  concentration  of  electrical  and  electronic  equipment 
is  increasing  in  that  field,  too.  In  this  connection  it  should  be  pointed  out  that  the 
test  methods  delineated  in  MIL-STD  462  have  been  applied  successfully  by  MBB  since  se- 
veral years  so  as  to  make  process  computing  facilities  electromagnetically  compatible 
ip  factory  halls. 

Thus,  MIL-STD  462  constitutes  a sound  basis  for  the  acquisition  and  evaluation  of 
interferences  emitted  as  well  as  for  the  susceptibilities  to  interference.  In  spite  of 
this,  some  improvements  should  still  be  made  in  certain  directions.  They  are  mentioned 
briefly  in  the  following  together  with  some  examples: 

(a)  Revising  existing  test  methods.  Some  methods  have  not  been  defined  to  a sufficient 
ly  accurate  extent,  i.e.  definition  of  quantities  which  exert  great  influence  on 
the  test  results  (e.g.,  the  internal  resistance  of  the  power  source  in  test  CE01). 

(b)  Modifying  the  frequency  limits  and  the  types  of  interference  signals. 

Most  of  the  high-frequency  tests,  such  as  intermodulation,  cross  modulation,  etc. 
have  an  upper  frequency  limit  of  12.4  GHz.  Thus,  the  X band  is  only  just  covered. 
No  consideration  has  been  given  to  the  fact  that  recently  radar  equipment,  trans- 
mission lines,  etcJ , are  increasingly  operating  on  the  Ku-band.  It  seems  absolute- 
ly necessary  to  extend  the  frequency  range  for  the  above  ment.onec  tests  to  18  GHz 

In  other  cases,  however,  the  frequency  limits  are  too  high.  Mention  should  be  made 
here  of  the  conducted  susceptibility  test  CS  02,  where  measurements  up  to  400  MHz 
are  to  be  made.  At  most  100  MHz  are  technically  practicable. 

The  susceptibility  to  spikes  is  tested  exclusively  by  using  a 10  ^sec  spike.  Prac- 
tice has  shown  that  this  is  too  slow  for  advanced  digital  electronics.  Some  cases 


(c) 


were  observed  In  whirti  digital  equipment  was  insusceptible  to 
showed  high  susceptibility  to  spikes  of  shorter  duration. 

X ntroduc inq  new  test  methods.  As  illustrated  in  Figs.  4 and  5, 
test  methods  is  covered  by  MIL-STD  462.  It  would  be  necessary 
test  methods. 
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In  practice  not  all  of  the  tests  listed  are  equivalent.  Some  are  used  very  fre- 
quently, others  only  in  special  cases.  Still  others  are  covered  by  different  ones 
already  existing.  Thus,  it  does  not  seem  necessary  to  complete  them  now  or  in  the 
near  future.  Nevertheless  some  indications  as  to  potential  expansion  may  be  of 
interest. 


Since  several  years  MBB  has  been  using  a test  which  has  proved  to  be  quite  sucess- 
fu1 . Apart  from  feed-in  of  spikes  and  sinusoidal  interference  signals  on  the  power 
lines,  wideband  interference  signals  are  impressed  during  an  additional  measurement. 
Noise  in  defined  frequency  bands  is  used,  e.g.  20  Hz  lo  100  kHz  or  100  kHz  to  some 
MHz.  The  test  set-up  is  similar  to  that  in  tests  CS  01/CS  02.  The  test  rapidly  de- 
tects weak  points  and,  in  addition,  is  required  to  demonstrate  general  system  com- 
patibility. Not  only  a sole  interference  frequency  but  a mixture  of  a great  number 
of  frequencies  is  generally  available  on  the  power  supply  lines  of  a unit  in  a sy- 
stem. 

Checking  the  units  and  their  leads  respect  to  short-time  electrical  fields  has 
proved  very  expedient  at  MBB.  Computers  are  frequently  proved  to  be  susceptible. 

A similar  test  set-up  was  selected  as  in  RS  04  of  notice  2. 

When  summarizing  the  results  laid  down  in  this  section,  it  becomes  evident  that 
with  regard  to  the  test  methods  a sole  EMC  specification  4s  expedient  for  all 
electrical  and  electronic  systems;  this  is  not  only  practicable  but  even  desirable 
since  this  sect.ior  includes  the  major  part  of  the  EMC  philosophy.  MIL-STD  462  may 
be  applied  as  the  basis  for  this  specification.  Some  updating  and  extension  would, 
however,  be  required. 


3.  DISCUSSION  OF  LIMITS 

The  second  important  part  of  an  EMC  equipment  specification  are  ■che  limit  values. 
This  is  a somewhat  different  case  from  that  of  the  test  methods. 

To  achieve  electromagnetic  compatibility  within  a system,  the  interferences  emitted 
must  be  limited  for  each  unit  on  the  one  hand,  and  a certain  insusceptibility  to  external 
interference  signals  must  be  ensured,  on  the  other. 

What  are  the  levels  at  which  these  limits  are  reasonably  set?  The  problems  shall 

briefly  be  explained  as  follows: 

A significant  aspect  is  the  safety  margin.  A system  is  considered  electromagnetically 
compatible  if  the  available  interference  signals  in  every  important  system  circuit  during 
any  possible  operational  status  and  any  possible  environmental  influence  fall  below  the 
EMI  threshold  level  by  a certain  factor.  The  latter  is  called  the  safety  margin.  It  must 
be  ensured  with  regard  to  any  type  of  interference  signal  which  occurs. 

Fig.  6 shows  an  example.  Curve  A depicts  the  interferences  available  On  the  power 
supply  lines  of  a unit  as  a function  of  the  frequency,  whereas  curve  B illustrated  the 
threshold  level.  The  safety  marging  is  then  C.  The  system  is  certainly  disturbed  in  its 
function  if  C is  smaller  than  0.  Its  operation  is  unstable  if  C is  equal  to  or  only 
slightly  greater  than  0.  Its  operation  is  stable  if  C is  substantially  greater  than  C. 

The  safety  margin  depends  on  the  type  of  system,  the  significance  of  the  circuit 
concerned  with  regard  to  the  system,  and  the  accuracy  at  which  the  safety  margin  can  be 

proved.  In  simple  cases  6 dB  are  sufficient  (in  minor  circuits  and  low-frequency  inter- 

ferences); in  complicated  cases  at  least  20  dB  should  be  used  (in  extremely  critical 
circuits  and  RF  interferences,  e.g.  induction  of  electromagnetic  fields  in  firing  cir- 
cuits ) . 

The  safety  margin  is  a merely  relative  quantity.  It  solely  indicates  the  ratio 
of  the  threshold  level  to  the  actually  available  interferences.  However,  it  ioes  not 
give  any  indication  as  to  the  limits  to  be  set  for  the  interferences  emitted  and  the 
level  of  unsusceptibillty  required. 

Theoretically,  a system  cou.d  be  made  compatible  if  the  interferences  emitted 
would  be  completely  suppressed  for  all  units.  The  susceptibility  to  interference  signals 
could  then  have  any  low  value.  However,  the  expenditure  for  interference  suppressed  de- 
vices would  then  be  very  high.  The  same  applies  to  the  other  extreme  case.  Compatibility 
can  also  be  achieved  by  calling  for  complete  insusceptibility  to  all  interference  sig-- 
nals.  The  interferences  emitted  may  then  have  any  high  value.  Between  these  extreme  cases 
there  is  generally  a point  or  range  at  which  optimum  electromagnetic  compatibility  can 
be  attained.  Fig.  7 gives  an  approximate  idea  of  the  entire  curve.  Said  optimization 
can  be  made  for  all  types  of  interference  signals,  considering  the  limitations  described 
below.  The  system  would  than  be  optimally  compatible. 

As  far  as  respective  optimum  is  concerned,  the  requirements  according  to  which 
optimisation  is  to  be  made  are  decisive.  Optimization  can,  for  example,  be  performed 
from  the  aspects  concerning  the  weight  of  the  overall  system,  the  space  requirement, 
the  costs  or  reliability.  The  technologies  and  interference  suppression  possitibilities 
which  can  be  applied  in  the  system  depend  on  the  respective  requirement.  Only  in  very 
rate  cases  is  the  same  optimum  achieved  with  the  differing  requirements.  Generally,  it 
will  be  similar  to  that  illustrated  in  Fig.  3.  i.e.,  the  permissible  levels  of  emitted 
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1 1 h 1 r'uard  l '<  e 1 ect  romaunei  l c i-ompat  1 h 1 t I t y the  environment  1 11  which  the  system 
must  t tine  t l on  Is  ot  eat  tnpotl.unr.  duly  a vet  y tew  systems  can  opet  at  e In  an  euvlion- 
meiit  that  Is  i>  I r‘i  t t iuiia>|iiet  bally  clean  01  can  he  subjected  to  any  de,)t  re  ot  contamina- 
tion. Tilts  app  Ill's  approximately  to  toip,-,lo;.  and  possibly  only  lust  to  sal  e 1 I 1 t es , lu 
most  ' 1 1 the  car.es  t lie  system  must  he  comp.it  tide  with  t tie  etiv  1 1 omr.'iit  , t.e.  It  may  emit 
only  ceitaln  levels  to  the  environment  and  must  he  , apahle  ot  w I t list  and  l n>i  a iritatu 
amount  "t  Intel  letenoe.  I.et  us  1 0,1k  at  the  KOKMOKAN  mtsslte  as  an  example  ( !■'  t . 1 . lid. 

It  Is  cart  It'd  hy  an  altciall  up  b>  a illstanci'  ot  some  Id  km  t 1 om  a ship  I at  del  and  tiled 

thereon.  Its  approach  t'l.iht  Is  1 mini  -coni  1 o t 1 rd  and  pi  oper  t vuict  I on  l mi  i<t  t tie  missile 

must  he  ennui  ed  up  to  siime  It'd  m t I om  III!'  ship.  The  < oiiipat  I hi  I I I y pioblems  are  1 lin- 
ed 1 at  ed  In  Kin.  II.  The  missile  must  he  Intel  nally  compatible.  II  must  Itkewt  .r  he  >0111- 
p a I tide  wlien  operatlnii  In  con  |um  t ton  with  the  laitlei  altcratt  eipi  I pmen  t , t.e,,  ,-n  the 
links  throuuh  which  It  Is  coupled  with  the  aliciatt.  Ksseut  I at  1 y,  this  Is  the  pnw,  ; 
supply  tal  the  heutnntmi  ettected  t 1 ''in  the  altiiattl  ami  the  UK  link  tavtddluu  dlslui- 
hnnee  ot  the  altcratt  irirlveis  as  well  as  dlsluihaiici  ot  the  missile  ilm-  to  the  all- 
ci at l t ransmt t t ers ) . tn  addition,  the  missile  must  he  compatible  with  the  KK  npi l pment 
Ot  the  ship  t ai'det  . hue  to  the  hh|ll  tleld  t I eli,|  t Iis  01  1 adal  ei|ll  l pint'll  t , this  task  lOl.ld 

l'i'  l eopat  d l /.i'd  unlnten!  tonally,  1 n pi  Im  Iple.  The  KMC  e»pi  t pmen  t s tot  the  KOKMOKAN  ".yst  em 

i esu  I t t i om  the  i out.  I derat  I on  i>t  the  Internal  system  'ompat  l h l t 1 1 y , the  compat  1 hi  I 1 1 y 

with  the  ot  het  system  and  the  compat  t hi l 1 1 y with  the  tat  pets. 

The  reiju  1 1 emrnt  s result  Imt  from  the  etiv  1 1 onineiil  may  vat  y ureal  ly.  In  the  case  ot 
KOKMOKAN  they  Were  decisive,  lot  example,  tor  tile  radiation  siiscept  lldllty.  i.i  other 
cases,  such  as  the  torpedo,  they  are  almost  Irrelevant.  As  tat  as  an  automobile  without 
own  ,'ipt  l pmen  t Is  roiicrt  lied,  the  radtaled  emission  must  solely  hr  limited  to  the  extent 
t hut  any  radio  receiver  lu  Its  vicinity  ts  not  disturbed.  The  re>|ii  1 1 ement  s set  by  the 
environment  w l t II  t mat  d to  uhe  dllterent  systems,  thus,  vary  t I ' 1 t lie  l lit  ft  I et  ences 
emitted  and  the  K.M t susceptibility. 

Spec  I I y I nu  unltorm  llmtt  Values  tor  all  system:,  with  teuaid  lo  l nt  er  I ei  em  es 
emit  led  and  KM  l suscept  i h I I 1 1 1 es , M’.l.-STI'  -lnt  I:  les  t.'  solve  all  the  pt  old  ruts  set  toith 
above,  such  as  opt  lint  .-.at  Ion  ot  the  limit  values  by  weluld,  costs,  et,.,  . om.  t del  at  1 on 
!>i  t tie  Inherent  system  Inlet  leience  sotn.es  and  KM  l sus,  ept  l Id  t 1 t I es  as  well  as  the 
various  el  ei'l  li'tiiaunet  l e env  1 1 oiimenl  renditions.  It  can  easily  he  iin.let  stood  that  tn  many 
cases  the  limit  values  do  not  still  Ice  to  ensiil  e compat  l h I l I l y ; tn  some  other  cases  the 
limit  values  are  by  tat  too  i told.  This,  means,  that  some  reiju  i i ement  s are  too  i b)td, 
whereas  others,  ate  too  relaxed. 

Some  relevant  examples  are  Indicated  below: 

(a)  Kcr  (lie  KOKAND  missile,  a b w level  an  t 1 -a  I i cl  a t t missile,  the  saiscept  1 1>  1 I I 1 y t % * 

Voltai|e  peaks  on  t lie  powei  apply  lines  could  be  limited  I.'  t , V t M 1 1 .- STD  •!(.  t 

calls  t or  Mi  V ) , 

(h)  Kor  the  HOT  weapon  system,  an  anti-tank  missile,  the  limit  curves  tor  the  tntei- 
f e vrlices  emitted  via  the  power  supply  lines  could  be  Increased  In  pall  by  -10  ill'. 

Nc  disturbances  occured. 

tc)  As  tar  as  the  HO  It'S  helicopter  Is  concerned,  the  application  ot  the  limit  cm  ves 
tiir  the  radiated  emls.slon  resulted  In  a dlstmbance  ot  the  ladlo  compass.  The 
limit  values  had  to  he  lowered  tn  ['art  hy  about  .">  dh. 

(I)  Kor  the  KOKMOKAN  missile,  an  antl-sldp  missile,  the  values  lor  the  ladlatlon  sus- 

cept 1 b I l l t y , retortion  ot  undeslred  sbmals.  at  antenna  ternilnal,  etc.,  ot  t lie 
seeker  head  had  to  be  Increased  substantially,  as  compared  with  the  Mll.-STh. 
Otherwise,  lnt  ert  erencer.  (In  principle,  unwanted'  t rom  the  t aruet  s would  have 
been  unavoidable. 
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Thesa  few  examples  already  show  that  it  is  rather  critical  to  use  uniform  limit  values 
for  all  systems. 

Some  uncertainty  with  regard  to  the  limit  exists  in  MIL-STD  461  A too,  changing 
the  limit  values  from  notice  to  notice.  The  radiation  susceptibility  values,  for  example, 
were,  in  part,  increased  by  20  dB  from  notice  1/2  to  notice  3.  As  far  as  the  radiated 
emission  is  concerned,  the  limit  values  were  decreased  by  up  to  30  dB.  The  limits  for 
the  conducted  emission  via  the  power  supply  lines  were,  in  part,  increased  by  10  dB 
(in  notice  3)  and  then  decreased  again  by  10  dB  (in  notice  4). 

Which  solutions  exist  to  cope  with  these  difficulties.’  The  optimum  approach  to 
ensure  the  electromagnetic  compatibility  within  a system  is  to  establish  system-related 
limit  values.  On  the  basis  of  the  sources  and  susceptibilities  existing  in  the  system, 
the  limit  values  could  be  fixed,  taking  the  environmental  stresses  and  the  special  re- 
quirements into  consideration.  It  would  even  be  possible  to  split  up  the  limit  values 
for  the  various  units.  Such  an  action  would  in  all  probability  make  the  system  optimally 
compatible  from  the  technical  and  economic  points  of  view.  To  accomplish  this,  detailed 
knowledge  of  the  new  system  and  its  environment  as  well  as  a great  amount  of  experience 
with  similar  systems  would,  however,  be  required.  The  most  unfavourable  solution  is  to 
use  uniform  limit  values  for  all  systems.  On  the  one  hand,  the  electromagnetic  compati- 
bility is  ensured  only  with  a certain  degree  of  probability  and,  on  the  other,  the  ex- 
penditure specified  for  interference  suppression  is  frequently  too  high.  However,  scar- 
cely and  knowledge  of  the  new  system  to  be  developed  nor  any  experience  in  the  EMC 
field  is  required.  It  would  be  a good  compromise  to  classify  the  systems  in  question  by 
system  characteristics,  the  requirements  for  interference  suppression  and  the  environment 
to  which  they  are  exposed  (interferences  emitted  and  suceptibil ities) . Separate  limit 
values  could  then  be  established  for  each  class.  This  method  would  entail  the  advantage 
that  compatibility  would  be  ensured  with  an  extremely  high  degree  of  probability,  that 
the  expenditure  would  not  be  too  high  from  the  technical  and  economic  aspects  and,  in 
addition,  that  it  would  be  possible  to  solve  the  compatibility  problems  satisfactorily 
even  without  wide  EMC  experience. 

Which  system  classes  are  now  conceivable.’  It  would  be  somewhat  premature  to  de- 
fine them  accurately  as  early  as  now.  A great  number  of  experience  and  a large  amount  of 
knowledge  must  be  used  as  the  basis  and,  if  required,  extensive  investigations  must  be 
made.  However,  the  following  classification  would  be  conceivable: 

(a)  satellites 

(b)  launch  vehicles 

(c)  aircrafts  (possibly  with  the  sub-class  of  helicopters) 

(d)  ships  (subdivided  into  submarine  and  surface  ships) 

(e)  surface  vehicles  (armoured  and  not  armoured) 

(f)  missiles  (subdivided  by  type) 

(g)  ground  stations. 

This  list  could  also  be  extended  by  incorporating  special  limit  values  for  equipment  in 
computing  centers,  hospitals,  and  factories,  for  example. 


4.  CONCLUSION 


An  examination  was  made  to  whether  it  is  more  favourable  to  use  a general  EMC 
specification  or  system-oriented  specifications  for  this  purpose.  The  following  solution 
is  obtained:  The  test  methods  and  the  test  philosophy  should  be  uniform  for  all  systems. 
MIL-STD  462  (+  463)  could  represent  a good  basis.  However,  updating  and  expansion  in 
various  respects  seem  desirable.  As  far  as  the  limit  values  are  concerned,  it  becomes 
evident  that  the  characteristics  of  the  system  themselves,  their  environment,  and  the 
systems  in  conjunction  with  which  they  must  possibly  function  differ  too  greatly.  Uni- 
form limit  values  either  solve  the  compatibility  problems  with  an  insufficient  degree 
of  probability  or  with  too  high  expenditure.  Establishing  system-related  limit  values 
is  considered  the  optimum  solution;  fixing  limit  values  for  certain  system  classes 
(e.g.  satellites,  ships,  etc.)  is  regarded  as  a goou  practical  solution. 
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I - 30MMAIHE 

II  •'•fit  de  comparer  lea  diffArentes  normes  et  specifications  EMC  lea  plus  connues  3 1'heure  actuelle  et 
part ic uli treat nt  adapteea  aux  Aquipements  avionablea.  La  compare i son  fera  apparaltre  les  points  commune  ec 
lea  differences  eaaentiellta  entre  cea  nones  concernant  les  types  d'essai  envisages,  les  bandes  de  frequen- 
ces, la  sAvAritA,  le  node  operatoir*  et  le  natAriel  prAconisA.  On  attirera  or; element  l'attention  sur  : 

1*/  L'inauffisance  dei  eaaaia  demands*  par  certaines  normes  loraqu'il  s'agit  par  example  d'Avaluer  la  suscepti- 
bility dea  Aquipements  numAriques. 

2°/  Lea  eaaaia  nouveaux  demondAa  dana  les  nomes  lea  plus  recenter . 

3*/  Le  tMnque  de  definition,  les  mauvaia  recoupements  entr*  certaines  limites  qui  ont  Ate  observes  experi- 

aentaleaent . 

It0/  La  sup<riorit6  de  certaines  normes  quant  au  principe  de  la  mesure  et  aux  cccesaoires  utilises. 

II  - NORMES  et  SPECIFICATIONS  COMPARKKS 

- Hone  amAricaine  MIL-STP-U61A/U62  notices  3 et  It  du  9/2/71 

- Recomandat  ions  amAricaines  RTCA-DO-1 38 chapitrea  10  d 13  et  appendix  A du  27/6/68. 

- Home  franqaiat  AIH-910-C  du  19/2/63 

- Home  anglaiae  30  100  documents  70/30910  et  70/30911  d'Octobre  1970. 

- Projet  italien  UNAVIA-IS0/TC20/SC-1-82  de  Mora  1973 

- SpAcificationtavionneurs  : 

LOCKHEED  - document  n°  322.966  du  10/2/72 
BOEING  - document  n°  D6.16090  du  8/9/66 
DOUGLAS  - document  EMI/WZZ  7000  du  9/2/68 

AEROSPATIALE/AIRBUS  - document  n°  LL9 . f J6/68-  chapiters  19-22-23  de  Mai  a .Tuin  1971. 

La  spAcification  GENERAL  ELECTRIC  d Apart  eiient  rAacteura  code  n°  07382  du  26/8/69  eat  absolunent  identique  3 la 
spAcification  DOUGLAS.  En  ce  qui  concerne  les  essais  aux  tranBitoires  de  courte  durAe  nous  noua  refSrerons  A la 
norme  franqaise  AIR  2021/D.  Aucun  eaaai  de  susceptibility  aux  parasites  n'est  prAvu  dans  la  norme  AIR-910-C. 

III  - BUT  et  CLASSIFICATION  DES  ESSAIS  EMC 

Le  but  de  ce  . easair  est  de  mesurer  aussi  bien  le  niveau  de  parasites  Amis  par  un  Aquipement  ou  un  systAme  afin 
de  s'assurer  qu'il  ne  d6passe  pas  certaines  limites,  que  de  aounettre  cet  Aquipement  3 un  niveau  perturbateur 
donny  afin  de  cont r&ler  dans  quelle  mesure  il  est  susceptible.  Les  parasites  Amis  ou  requs  par  un  systems  sont 
classAs  en  deux  grandes  catAgoiiea  : de  conduction  sur  les  cables  et  de  rayornenent. 

IV  - KTli  E COi  ■PARA'i.  IVE  DES  NORMES  EMC 

I - PARASITES  EMIS  PAR  CONDUCTION 

1.1  - Sur  lea  conducteura  de  puissance 
Par  conducteura  de  puiasari  ,'e  on  entend  : 

- lea  conducteura  d'alimenx  ation  'conducteura  d'entrAe). 

- lea  conducteu-s  3 la  sortie  des  sources  de  puissance  telles  que  : cAnAratrices,alternateurs,convertisaeurs,etn. 
Cette  definition  clairement  donnAe  par  BOEING  et  DOUGL'2  ost.  malheureuseraent  omise  dans  les  autres  normes, 

Le  mode  opAratoi re  eat  donne  planche  .19  A assail  1-2-j  et  les  niveaux  limites  planches  19B-  C-  P 

II  n'eat  pas  conseillA  d'utili^er  1-  LISN  habit  lellement  recommandA  par  les  normes^ en  dessous  de  190  KHi^car 

la  tension  mesurAe  a aa  aortie  dApend  de  l':.upedance  de  la  sourc . d* alimentation  3 la  frAquence  considArAe.(voir 
planche  194).  La  norme  MIL  dans  son  esaai  CE02  dAbutant  3 10  KHi  prAconiae  in  LI3N  particulier  calculA  pour  des 
frAquences  plus  baaaes.  A o Hi  le  transformateur  de  l'easai  CE01  de  la  norme  MIL  (eaaai  2)  est  en  gAneral 
plus  sensible  que  la  pince  de  la  apAcification  UNAVIA  (eaaai  3).  Pour  une  source  119V/300Hi  d'imrAdance  inter- 
ne 0,2  ftprAvue  pour  dAbiter  90A,  le  condenaateur  de  10yF  des  essais  2 et  3 commence  3 jouer  son  r8le  de  filtra- 
ge  en  deasus  de  80  KHi.  Or  dans  les  essais  MIL  et  UNAVIA  la  frAquence  la  plus  baose  est  de  30  Hi.  Pour  des  frA- 
quences comprises  entre  30  Hi  et  80  Khi  il  faut  que  la  source  soit  absolunent  pure|  s'il  est  possible  d'obte- 
nir  une  telle  source  en  continu  (MIL),  le  problSme  est  beaucoup  plus  ardu  en  alternatif  (UNAVIA).  Le  D013B  et 
lea  apAcifications  qui  s'er  inspirent  (AEROSPATIALl.-LOCKHEH))  rormettent  d'utiliser  la  sortie  du  LISN  entre 
90  KHx  et  30  KHt  et  la  pince  entre  19  KHi  et  90  KHx,  cette  demiAre  bande  de  frAquences  Atant  rAservAe  aux 
Aquipements  claaaAa  dans  la  catAgorie  la  plus  severe  (cat.Z).  On  constate  par  le  calcul,  3 partir  de  1'impA- 

dance  de  tranafert  du  LISN,  et  e'est  confirmA  par  1'expArience,  que  le  recoupemer.t  entre  les  limites  avec 
pince  et  avec  LISN  eat  tr3a  mauvaia.  La  courbe  de  variation  de  l'impedanee  de  transfert  du  LISN  en  fonction 


d«  la  frequence  •**  donnf*  planch*  15^.  En  band*  ®troit*  1 90  KHiyin  Squipement  tangent  A la  limits  ar*c 
LIS1I  art  arec  la  pine*  hor*  not  i*  d*  ♦ 7 4 ♦ 13  dS.tia  auivant  1' impedance  d*  la  aource  d'olimentation.  En 
band*  large  A 90  KHt  un  ®quipa«ent  tangent  1 la  Unite  LISN  e*t  nettemeut  dan*  la  norm*  d*  -12  A -18  dB.ua 
'irec  la  pine*  De  telle*  contradiction*  r*nd*nt  parfoi*  difficile  la  certification  d'un  Iquipenent  en  cat®gorie 
Z, 

1»2  - 3ur  le»  conducteur*  Can*  1»«  ctble*  d1 interconnexion 

Par  ctbla*  d'L  ,#rcoruv*xion  on  entend  tou*  le*  ctble*  autre*  qu*  le*  ctble*  d' alimentation  ou  d*  generation  de 

puissance , interconnect ant  entre  eux  de*  equipements  ou  de*  *ous-ay*t&met.  S*  rgfSrer  i la. planch*  15  A 

es*ai  >t  et  aux  courbe*  planche*  15  C et  15  D.  Le  capt->ui-  de  mesure  utilise  eat  toujeur*  la  pince  ampArem®- 
triqu*  i **ule  la  norme  30  100  permet  d'utiliaer  egsdement  un  LISH  *i  c*  dernier  ne  erf®  rvucun  trouble  <le 
fonctionn  orient  dans  le*  circuits  d’irtsrcrr.ie^ion.  h'out  all  on*  donner  une  interpretation  r®tim>®e  du  node 
opAratoira  preronis®  par  le  document  MIL  1)62  en  nota  au  parographe  I)  de*  esaai*  CE03  et  CE05  t 

- la  sonde  de  courant  ne  doit  contenir  qu'un  group*  de  fil*  "aller"  ou  ur.  group*  de  fil*  "retour"  dans  la 
xteaure  ®videsraent  oil  le*  retours  ne  se  font  pa*  directenent  par  le  plan  de  masse.  Si  le  niveau  meaure  cat 
hor*  norm*,  il  faut  slparer  le  ou  le*  fils  fautif*  et  le*  Bonder  s®  par®  merit . Pour  celA  il  est  nucctsaire 

.de  prevoir  une  extension  du  toron  d' interconnexion  od  chacun  de*  conducteurs  pourra  St  re  entour'-  par  la 

pine*  y compris  ceux  de*  ctble*  torsadS*  et  ou  le  blindage,  le  cas  ®ch®ant,  aura  StS  enlev®, 

Le*  specifications  DOUGLAS  et  UNAVIA  precisent  bien  que  lea  conducteurs  "oiler"  et  "retour"  ne  doivent  pa* 
etre  *or.d&»  ensemble  mais  elle*  font  une  exception  non  justifi®e  pour  le*  ctble*  tors****.  a partir  du  moment 
od  on  prtvoit  une  "extension"  il  n'est  plus  question  <1.?  diplacer  la  sonde  pour  rechercher  le  maximum  dO  ) 
l'apparition  d'ondes  stat ionnaircs . Le  cable  d' interconnexion  doit  avoir  la  longueur  prfvue  *ur  avion  et  1' ex- 
tension doit  Stre  plac®e  du  cote  de  l'gquiperent  pouvant  etre  perturb®,  e'est-A-dire  du  c8tf  oppot®  a l'Squipa- 
ment  perturbsteur  essay®. 

Le  document  D0138,  les  sp®cification»  AEROSPATIALE  et  LOCKHEED  qui  e'en  inspirent,  la  norm*  30  100 et  la  ap®ci- 
fication  BOEING  ne  sont  pas  suffisamnent  explicite* sur  le  mode  op®ratoire.  Sur  le  *ch®ma  de  montage  du  D0138 
on  repr®8ente  une  pince  entourant  la  totalit®  du  cable  d’ interconnexion.  L'exp®rimentateur  non  averti  va  croi- 
re  que  la  pince  doit  entourer  aussi  bien  les  conducteurs  "aller"  que  les  conducteurs  "retour"  ; il  va  mesurer 
ainsi  le  champ  magnSt ique  au  voisinage  du  toron,  ce  dernier  d®pendant  de  la  sonme  vectorielle  des  courant r 
"aller"  et  "retour",  de  l'effioacitc  du  torsadage,  du  blindage  raagngtique,  etc..  Or  le  but  de  la  manipulation 
est  primo  d'isoler  les  fils  d* interconnexion  de  I'equipement  essay®  pouvant  vehiculer  des  courant*  parasites 
®lev®s  susceptible*  de  perturber  I'equipement  connect®  et  secondo  de  mesurer  les  c our ants  dans  chacun  de  ces 
fils. 

D'autre  part,  la  norme  MIL  pr®cise  que  3i  les  deux  Squipements  interconnect^  sont  fournis  par  le  mime  cons- 
tructeur  conme  faisant  partie  d'un  meme  systdrae  l'essai  est  inutile.  En  effet  on  suppose  que  l'essai  de  bon 
fonctionnement  du  systAme  a et®  effectue  ches  le  fournisseur  ou  a la  r®ception  chet  le  client  et  qu'il  s'est 
av®r®  positif.  Si  les  ®quiperaents  interconnect®*  gpportiennent  a des  constructeurs  diffgrents,  la  mesure  des 
courants  parasites  sur  les  cSbles  d* interconnexion  est  recommand®e,  surtout  si  l'essai  de  bon  fonctionnement 
du  systAme  complet  est  pr<vu  post®rieurement . Dans  ce  cas  l'Squipement  est  livr®  seul  et  essay®  seul,  les 
ordres  sur  ces  entrees  et  les  charges  sur  ces  sorties  Stant  siraulSs.  Aucune  autre  norme  que  la  MIL  ne  fait 
intervenir  cette  notion,  l'essai  ®tant  obligatoire  ou  seulement  li®  A une  cat®gorie  d’gquiperaents, 

2 - PARASITES  EHIS  PAH  RAYONNEMENT 

Se  r®f®r*r  A la  planche  15S  pour  le  mode  op®ratoire  et  aux  planches  15F  et  150  si  on  veut  comparer  les  niveaux 
limit**  du  champ  ®l*ctrique, 

2.1  - Coaposante  continue  du  champ  magnet ique  - essai  1 

Le  champ  magn®tique  continu  peut  perturber  les  vanned  de  flux  ou  le  compas  de  secours  d'un  avion.  Cet  essai 
ne  figure  pat  toujour*  dans  les  documents  EMC  (MIL  l)6l-3G  100-  AIR  510/C-B0EING)  ce  qui  ne  veut  pas  dire 
n®cessairement  qu'on  omet  de  le  fairej  on  peut  le  trouver  dans  un  chapitre  ou  dans  un  document  s®par®  intitul® 
par  exemple  "essai  d'interfgrence  magn®tique", 

2.2  - Champ  aaan®tioue  audio  et  radio-frequences  - essai  2 

Les  gsmmes  de  frequences , le*  distances,  la  boucle  ou  la  bobine  de  mesure  ®tant  diff®rentes  on  ne  peut  comparer 
l'eesai  RK01-MIL  et  celui  du  D0138. 

2.3  - Ch«mp  ®lectrioue  radio- fr®quence»  - essai  3 

— Lsosi  du_t^j>e  R,E02_de  li*_norme_;-IIL_i)^l_£1«62_ 

Les  limites  ®t*nt  exprim®es  en  unit®  de  champ  ®lectrique,  les  antennes  ne  sont  pas  A priori  impos®es  mais 
plutSt  conseillSes.  3i  lea  gammes  de  fr®quencea  de  deux  antennes  diffgrentes  se  recouvrent  on  peutaussi  bien 
utiliier  l'uno  que  l'autre  dens  la  bande  de  recouvrement. 


Dana  la  game*  30  Writ  A 2000  MKi  on  conseilli*  l'er.iploi  d'antennes  biconiques (20  A 200  MHt) , coniquetlog- 
■plraln  (200  A 1000  MHe)  ou  cornet* A doubla  artta  (200  1 2000  MHt).  Ca  aont  das  antannaa  large  banda  moderns* 
qui  na  damandent  aucun*  intervention  aanualla  d'aduptation  at  qui  faeilitant  da  ca  fait  laa  anragiatrananta 
automat iquea  da  niveau.  L'antenne  biconique  a una  longueur  da  l'ordre  da  1,4  a rendant  aon  utilisation  commo- 
de  dana  una  cage  da  Faraday.  J JP* 

_2._J._2  _-  Eaaai  £rec_on_is!  jmx  _la_n_ome_A_IR_5_10C 

La  liaite  large  bandc  aat  donnie  plancho  15F.  La  linita  en  banda  dtroita  aat  carieuaeaent  exprime*  an 
tiV/m/KHt  , il  s'agit  certainanant  d'una  erreur. 

1*2*2  Z du__tjjj>a  £rfconU_<  jjar  ie_D£l_jO_ 

Laa  limites  4tant  exprimees  an  tenaion  aux  bomaa  da  l'antenne  A vide  (antenna  induita)  la  type  d'antenne  aui- 
vant  la  game  de  frequences  eat  impose.  Pour  daa  frequences  comprises  entre  25  MHt  at  1000  MHi  l'antenne  aat 
un  dipole  mcCorde  sur  35  MHt  entre  25  et  35  MHt  at  resonnant  en  dami-onda  aux  frequences  superieurei.  La 
dipole  eat  J'un  emploi  m&l  conaode  ; il  demande  an  effet  de  nonbreuaes  interventions  manuellea  d'accord  au 
court  d'un  belay  age  an  frequence  et  sa  longueur  eat  import  ante  dana  la  partia  inflrieure  da  am  gamma  d'utiii- 
sation.  A 3*>  MHt  on  doit  pouvoir  disposer  d'una  cage  de  FARADAY  de  5,5  m de  longueur. 

- TOLERANCES  C0MPL£MEI1TAIRES  A L' EMISSION  DE  PARASITES 


Sa  reterar  A la  plancha  15  H. 

Cam  t uierancaa  concement  l'Amission  de  paraaitaa  lore  de  la  manipulation  d'un  interrupteur.  Laa  documents 
MIL  et  UNAVIA  ne  considArent  qua  la  cas  oil  la  perturbation  eat  emiae  par  conduction.  DOUGLAS  at  LOCKHEED 
n'admettent  paa  de  tolerance  ; pourtant  on  a conatatC  sxp4riment*lement  qu'une  tolerance  compiemantaira  da 
20  dB  au  daaaua  des  limitas  normalea  etait  aouvant  inauffiaonte  mime  pour  un  appareil  aatiafaiaant  largemant 
aux  exigence*  da  cas  limitas. 

- SUSCKPTIBILITt  AUX  PARASITES  DE  CONDUCTION 


- Sign aux  inject!*  dans  lea  ctblaa  de  puiaaanca 


A*i*i  Z SiSPSPZL  a.in.uaotdaux  dans_l£  ^isk  J0_H_i  A _150  KH*  - Blanche  1_5_I_ 

Lea  niveaux  las  plua  a!vdrea  aont  3 V eff  aur  la  20  V.DC  et  5 f de  la  tension  nominal e A 400  Hi  aux  bornea  de 
1'equipement.  Lea  documents  MIL  et  UNAVIA  limitent  la  puissance  inject!*  A 50  W sous  une  impedance  de  500  pour 
lea  equipements  ccnaoamant  fortement. 

4..1.2  - Port_euM_s^nuaoIdaJe_ii»dul£e__o^j  non  dw»_lt  £mm  _15_KH*_A_kOOWHt  - jglancha  15£ 

Ccc  essais,  trAs  diver*  aont  difficilement  comparables.  Lea  caracteristiques  de  la  modulation  aont  import ant as i 
a ca  sujet  la  norma  MIL  eat  la  plus  complAte  at  la  plua  explicite.  Pour  ice  equipements  numeriques  trie 
sanaibles  aux  perturbations  A front  raide  il  eat  conseill6  b.e  modular  la  porteuae  en  impulcions  ou  en  signaux 
carr!s  dont  la  largeur  et  la  frequence  de  repetition  aont  egales  a celles  des  signaux  logiques  qu'ils  g#nArent . 
La  modulation  d' amplitude  du  D0138  eat  A ce  sujet  inauffisante. 

Jl*i*2  Z Subt  mn  a it£i re£  _-  £lanche  15_JC_ 

L'assai  aux  tranaitoiras  de  courte  dur!e  (t  < 500ps ) sur  lea  cfiblea  de  puissance  na  fait  pas  toujoura  partie  des 
document*  EMC.  Il  est  souvent  classe  dana  un  chapitre  A part  concemant  les  essais  A touo  lea  types  de 
tranaitoires  que  1'on  peut  trouver  sur  le  r!se*u  da  bord  .'est  le  cas  du  D0138,de  la  3G  100  et  dea  specifi- 
cations AIRBUS  ct  CONCORDE  de  1 'AEROSPATIALE.  La  uorme  franqaise  AIR  2021/D  concemant  les  caracteristiques 
generales  du  ressau  !lectrique  de  bord  donne  les  limites  en  tension  d'un  trusitoire  rcctangulaire  fictif  en 
fonction  de  sa  dure*.  La  methode  de  conversion  d'un  transitoire  riel  en  transitoire  rectangulaire  equivalent 
eat  egalament  explicitee.  A partir  de  ces  indications  la  norme  iiiase  le  soin  aux  specifications  particu- 
lars* da  preciaer  las  conditions  d'application,  notrament  la  durea  et  la  forme  du  transitoire.  La  valeur 
erfite  du  subtransitoire  de  la  norme  MIL  eat  limit!  en  tension  maia  paa  en  puissance  crlte.  Dan*  la  specifica- 
tion AEROSPATIALE  cette  puissance  eat  limit!*  du  fait  que  la  tension  ost  rt-qlee  A vide  aur  un  g!n!rateur 
d ' impedance  interne : 50*4  plus  1'equipement  consotne  de  la  puissance,  plus  la  tension  crlte  du  subtransitoire 
a aes  homes  est  faible,  ce  qui  parait  tout  a fait  logique.  Les  auteurs  de  In  specification  UNAVIA  qui 
s'inspirent  de  la  norme  MIL  ont  bien  compris  qu'il  fallait  limiter  la  puissance  du  g!n!rateur. 

4,2  - Signaux  inject!*  dans  les  ctbles  d' interconnexion  - planche  15  L, 


Le  mode  operatoire  pr!conis!  par  le  DO  130  n’est  pas  suffiaaament  explicite  et  le  schema  de  montage  represente 
une  pince  entourant  la  totalite  d'un  toron  d' interconnexion.  Cette  methode  ne  serait  valable  que  si  le  toron 
etait  constitue  seulement  de  conducteurs  "slier"  les  "retoura"  se  faiaant  directement  par  le  plan  de  stasse.  Si 
on  entoure  A la  fois  un  fil  "aller"  et  un  fil  "retour"  d'un  mime  circuit,  le  champ  magnltique  produit  par  la 
pince  ne  traverse  pas  la  boucle  const  itu!e  par  les  deux  fils  et  leurs  impedances  terminals*  j on  n'induit 
aucun  courant  si  la  boucle  eat  bien  iaolde  du  plan  de  masse,  Il  serait.  done  n!cessaire  de  preciaer  que  la 
pince  ne  doit  entourer  qu'un  groupe  de  file  "aller"  ou  un  groupe  de  fil*  "retour"  de*  different*  circuit*  { 


•i  on  constate  que  l'lquipo— nt  ett  susceptible  on  dolt  isolor  lo  ou  Ian  fill  fsutifs  it  loo  tondor  *6p»rtaont. 
Como  on  l'a  dlji  dlt  ou  pusgrapho  1.2,  eo  typo  d'ooooi  not  inutil*  ei  loo  deux  Iquipement*  interconnects* 
oont  fournio  par  lo  m#m*  conotructour  comm  foloant  port i*  d'un  ate*  syttima. 

Aucuno  non**  no  opdcifi*  qu'll  fout  onroyor  d*o  oubtransltoiroo  our  lo*  ctbloo  d* interconnexion.  Or  tout**  lo* 
oortioo  d'un  Squipomont  connoctfee  d dee  charges  oolfiquoo  (boblneo  do  eontaetouro,  do  rolaio,  d'tloctrovmnno, 
etc..)  pouvont  ttr*  soumisos  A doo  oubtrono  'toir*o  ouool  important*  quo  coux  qu'on  pout  t router  our  lo  rdooau. 
Sn  g4nSral  eo*  oubtronoitoiro*  no  oont  poo  dtoufff*  d la  oourco  oauf  don*  lo*  rare*  coo  oG  lour  valour  crlt* 
pout  dSpassor  lo*  lixito*  iapooioo  par  la  specification  our  la  gln( ration  (loctriqu*  d*  bord  { auquol  coo  on 
**  contents  do  1 loiter  cotto  valour  ertt*  par  doo  diode*  for-t ionnint  on  Zonor  ou  do*  "Tranosorbf  loo  oortioo 
d'dquipoaent*  ccooiutont  ntatiqueaont  do*  charge*  oolfiquoo  d partlr  do  oemi-conducteuro  ou  do  tranoiotor* 
et  non  pa*  d partir  do  contact*  mScaniques  rolii*  on  rlocau  da  bord  dovroient  ttr*  olajsls  don*  un*  categoric 
d part  et  oorais  oux  o**ai*  do  oubtranoitoireo. 


5 - 3U3CEPTIBILITE  AUX  CHAMPS  RAY0HNE3 

5.1  - HuocepUbilitS  du  boitior  do  1 'Squipomont  d un  champ  magnStique  - planch*  15  M 

Seules  loo  specification*  DOUGLAS  et  UNAVIA  sovoMctent  lofaoitier  de  l'Squipemont  d un  cheap  magnStique  impul- 
■ionnel.  Co  type  d'easai  devrait  ItreonvioagS  ayotSmatiquement  pour  lo*  tquipeaent*  numSriquos. 

5.2  - SuocoptibilitS  du  boitier  de  l'Squipemont  et  do  tou*  «es  ctblo*  d un  champ  Sloctriou*  radio-frSquences 

planche  15  2 

5.2.1  - E***i*_4u  ty^j^e£oni£i_j>ar_la  nonie  MIL  J*6l_/L62« 

Lo*  niveaux  sont  exprimSs  en  unite  de  champ  eiectriqu*  *oit  on  V/m.  Peu  importe  1*  type  d'antenne  utilise 
pourvu  que  l'Squipemen.;  soit  place  dan*  une  cone  oG  on  a prSolablement  mesurS  et  ajuste  > champ  a la  valeur 
demandS*.  De  ce  fait  on  peututiliser  de*  antenne*  ou  de*  lignea  ay  ant  ur,  trds  bon  coefficient  de  transmission 
{TAT)  conpria  entre  * 12  dB  et  0 IB,  a des  distance*  de  l'ordre  de  quelque*  diaaine*  de  centindtres  d 1 nitre, 
Ces  antenne*  du  type:ligne  a bande  large,  cornet  a artte  longitudinals,  ligne  d plaque*  parallile*,  filaire 
dan*  une  cage  de  Faraday  (hauteur  inferieure  d 2,3  n)  pemettent  d'obtenir  un  champ  relat.ivenent  ileve  de 
10  V/n  a partir  d'un  gen£rateur  de  signaux  de  puissance  inferieure  a 2 W.  Le*  niveaux  "Sheltered"  de  la 
norms  MIL  sont  encor  ; plus  Sieves  que  les  niveaux  non  "sheltered"  figurant  sur  la  planche  15  N et  peuvent 
atteindre  50  V/m  entre  30  Mil*  et  2000  MHa. 

5l*2.2  J2.  £ssais_du  type_pre£oni£^_par_l£  D0138. 

Les  niveaux  sont  exprimis  en  tension  aux  bornes  du  gSnfernteur  soit  d vide,  soit  aux  bomes  de  1' antenne, 
soit  aux  bornes  d'une  resistance  de  5°0.  Le  type  d'antenne  et  sa  distance  par  rapport  a l'Squipement  sont 
impose*.  Entre  35  'IK*  et  1000  MHx  on  doit  utilizer  une  antenne  dipole  accordable  tris  peu  commode  (se  rffSrer 
au  paragraphe  2.3.3).  Si  on  compare  les  limites  de  LOCKHEED  et  celles  de  BOEING  converties  en  dB.uV  aux  bomes 
dudipole  resonnant  d ' impedance  73(1  on  constate  qu'elles  sont  sensiblement  identiques  dans  la  plage  35  MBs  i 
1000  MH*  ; elles  aont  nettement  plus  elevees  que  celles  du  D0138  et  de  la  30  100  surtout  entre  100  et  150  MH*. 
Par  exenple  a 130  MH*  le  niveau  linite  du  DO  138  est  de  !*6  dB  inferieur  d celui  de  LOCKHEED  ce  qui  est 
consequent. 

Le  TAF  d'un  dipole  rSaonnant  en  demi-onde  e*t  de  l'ordre  de  + 8 dB  a un  pied  a une  frequence  sup^rieure  S 
185  MH*  oG  on  conaidere  que  1'antenne  est  a une  distance  do  champ  lointain.  Entre  185  MH*  et  1000  MH*  la 
specification  LOCKHEED  prescrit  un  niveau  de  lit  dB.uV  soit  un  champ  de  llt+B  ■ 122  dP.yV/m  * 1,35  V/m, 

Dans  cette  game  la  nonce  NIL  prescrit  un  champ  minimum  de  10  V/ra  (non  sheltered)  et  le  DO  133  un  champ 
colculS  maximum  de  0,1  V/n  aux  alentours  de  1000  MH*. 

Four  lea  equipener.ts  numSriques,  une  modulation  en  impulsions  ou  en  signaux  carrSs  s' impose  slors  cue  dans 
les  specifications  qui  s'inspirent  du  DOI38,  seule  une  modulation  en  amplitude  est  prevue, 

5.3  - Suaceptibilite  des  cftblcs  d' interconnexion  aux  effets  de  couplage  - planches  15.0  et  15P 

Un  fil  inducteur  parcouru  par  un  signal  perturbateur  longe  le  toron  d' interconnexion  on  1 ' entouxe  avec  un  pas 
donne  sur  une  longueur  minimwa  imposee.  II  eat  preferable  d'enrouler  le  fil  inducteur  sur  le  toron  si  son 
diamGtre  est  asae*  important  cor  tous  les  conduct.eurs  interieurs  seront  egalement  influences  pax*  le  champ. 

Le  pas  d'une  spire  doit  St re  grand  devant  le  diamStre  du  toron  si  on  veut  un  couplage  inductif  voisin  du  cou- 
plage  maximun.  A la  limite,  si  le  fil  inducteur  Stait  enrouie  a spires  jointives,  le  champ  magnet ique  serait 
parallile  aux  conducteurs  du  toron  et  le  couplage  serait  nul.  Considcrons  les  trois  types  do  signaux  envoye* 
sur  le  fil  conducteur  : 

^°/Sub^ran£i£oir£S_n£rmalise£ 

La  specification  DOUGLAS  est  la  plus  sSvAre.  La  tension  Crete  St ant  rSglce  a 200  V pratiquement  a vide,  le 
subtransitoire  est  envoye  sur  le  fil  inducteur  sans  resistance  limitatrice.  L' impedance  interne  du  genfrateur 


15-5 


At  ant  trAa  faiblo,  la  c our  ant  aat  limits  eaaentiellenent  par  la  reactance  du  fil  inducteur  pour  la  frA- 
quence  fondamentalc  du  aubtranaitoire.  La  nome  ''IL  1 ini  to  la  variation  du  front  de  courant  a 10  A an 

la  DO  138  a 5 A cu  : In".  1'AEK03PA7I1LI.  a,  1?  A on  r,,!>na  pour  une  longueur  de  couploge  de  10  i»  (au  lieu 
da  1,2  u 1,0  n pour  laa  autrea  noma), 

Sijpiau*  i^usoldaux  bOO  Ha_ 

A AOO  Ha  la  produit  du  courant  par  la  longueur  da  couplage  aat  de  200  Ann  (650  A*  F. ! nour  1 1 AEBOSPATIALF  * 
da  200  A a Ft  pour  BOKI  NO,  da  100  A xFt  pour  LOCKHEED.de  66  A xFt  pour  UT7AVIA  (A  $cm)  at  da  60  A xFt  pour 
DOUG  US. 

La  produit  da  la  tanaion  applique  uu  fil  inducteur  a vide  (1*0)  par  la  longueur  de  couplage  eat  de  12000  V aff 
x Ft  pour  BOEING  at  6000  V aff  xFT  pour  LOCKHEED. 

Si  l'Aquipement  eat  aliments  en  bOO  Ha  il  aat  rtcoswandA  de  provoquer  un  phAnomAne  da  battemant  entre  cette 
friquanca  d*  alimentation  et  la  frequence  du  signal  qui  parcoura  le  fil  inducteur.  ce  qui  eat  propoaA  par 
BOEING  at  LOCKHEED.  Catta  derniAre  apAcification  a Agalerent  choiai  court*  frequence  d'eaaai  laa  harmoniquea 
du  bOO  Ha  da  rang  3.  6 at  12. 

&& ra  courant^  de_njpi  . _dJ_una_bobi_na^  de_rmlaia 

Seula  BOEING  at  LOCKHEED  praacrivent  syatAmatiquement  cat  eaaai.  On  doit  utiliaer  le  relaia  at  l’interrupteur 
dAfinis  par  leur  numAro  da  code  au  atandard  militaire  amAricain,  ou  leura  Aquivnlenta.  Pour  lea  deux  apAcifi- 
cationa  conaidArAea,  cette  forme  de  aubtranaitoire  remplace  le  aubtranaitoire  normaliaA  vu  au  1°/. 

A 1 'AEROSPATIALE  ce  type  de  perturbation  tend  Agalement  A renplacar  le  aubtranaitoire  de  l'eaaai  de  la  planche 
15.0.  Ella  eat  produitc  par  la  bobina  d'un  eontacteur  triphaaA  da  200  AblimentAe  an  28  V ; ion  amplitude  aat 
de  bOO  V CC  pendant  600ws  et  elle  se  termine  par  une  ende  inverae  de  -700  V C de  largeur  15  wa  h la  bare. 

Cet  eaaai  eat  rcaliate  et  devrait  At re  fait  pluu  aystAmatiquement  car  la  toron  d' interconnexion  d'un  Aquipement 
peut  cStoyer  aur  pluaieura  metres  le  ctble  d' alimentation  de  1&  bobine  d'v..>  relaia  ou  d'un  eontacteur.  Un  tel 

extra-courant  de  rupture  at  beaucoup  plua  AnergAtique  que  le  aubtraneitoire  nomaliaA  et  aon  spectre  a'Atend 

plus  haut  en  frequences.  Au  dAbut  du  train  d' oscillations  la  frAquence  peut  atteindre  quelquea  MHi  ce  qui  cor- 
respond d des  fronts  de  montAe  de  pluaieura  centainea  de  volts  en  moins  de  200  ns.  Il  eat  particuliArement 

recoomandA  de  fair*  cet  eaaai  aur  lea  lignes  de  tranaaiaaion  de  donnAea  des  Aquipements  nuraAriquea.  Toutefoia 
il  eat  difficile  de  reproduire  de  moniAre  identique  de  tela  trains  d'oac illations  dans  diffA rents  Laboratoirea 
d'eaaai*  iXC  mttae  ai  on  utilise  des  relnia  et  des  interruptoura  normal isAs.  La  durAi  et  In  valeur  crAte  A 
crfte  de  la  perturbation  tellea  qu'elles  sont  donnAea  dans  les  spAcifications  BOEING  et  LOCKHEED  ne  suffisent 
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SUMMARY 


The  Institute  of  Electrical  and  Electronics  Engineers  (IEEE)  Electromagnetic  Compatibility  Profes- 
sional Group  and  the  Electromagnetic  Compatibility  Analysis  Center  (ECAC)  have  jointly  sponsored  an  od  noc 
committee  to  devise  a practical  technical  procedure  for  specifying  an  electromagnetic  compatibility  (EMC) 
Figure  of  Merit  (FOM)  for  various  electronic  devices  and  systems.  This  paper  summarises  the  status  of 
the  committee's  work. 

An  EMC  FOM  for  single-channel  voice  communication  systems,  based  on  the  channel -denial  concept,  was 
developed  by  using  a building-block  approach.  The  buildirg-bloek  approach  involves  the  use  of  relatively 
simple  scoring  formulas  for  selected  EMC  parameters,  which  are  then  linearly  combined,  with  appropriate 
weighting  factors,  to  calculate  FOMs  for  transmitters,  receivers,  and  systems  (i.e.,  transmitter-receiver 
pairs).  A co-site  environment  is  assumed,  and  measured  (or  calculated)  equipment  data  are  required.  The 
parameters  chosen  for  transmitters  include  spurious  emissions,  noise  near  the  carrier  (i.e.,  broadband 
emissions  outside  the  band  containing  desired  modulation  componer.ts) , and  Intermodulation  products.  Those 
chosen  for  receivers  were  spurious  responses,  adjacent-signal  Interactions,  and  lnteo-modulation  products. 

A channel  was  considered  denied  if  (S  + I + N)/(I  + N)  10  dB  in  a moderately  dense  co-site  environment . 
The  parameter  scoring  equations  were  developed  to  reflect  the  frequency  spectrum  denied  by  each  parameter. 
The  weighting  factors  for  the  building-block  approach  were  determined  by  running  a computer  program  that 
kept  track  of  the  number  of  channels  denied  by  each  parameter.  Example  calculations  for  HF,  VHF,  and 
UHF  systems  are  given,  and  the  interpretation  of  the  scores  is  discussed. 

\ 

The  procedure  developed  enables  quantification  of  EMC  characteristics  of  transmitting  and  receiving 
equipment.  The  EMC  FOM  provides  system  planners,  as  well  as  design  engineers  and  management,  with  a 
technical  tool  to  facilitate  making  objective,  consistent  decisions  (e.g.,  it  can  be  used  to  quantify 
the  benefit  side  of  an  EMC  cost-'oenefit  analysis.  It  also  has  potential  value  for  those  concerned  with 
EMC  specifications  and  standards.  The  EMC  FOM  does  not,  however,  indicate  the  absolute  probability  that 
compatibility  will  be  obtained;  rather,  it  gives  information  about  the  relative  chance  of  obtaining 
compatibility.  Therefore,  experience  in  using  the  FOM  vand  user  feedback)  will  be  needed  in  order  to 
help  determine  the  minimum  FOM  score  required  for  a specific  type  of  equipment  or  system  in  a piveii  type 
of  application. 

1 . COMMITTEE  CHARTER 

The  purpose  of  the  committee  is  to  generate  a general  technical  procedure  for  calculating  an  EMC 
Figure  of  Merit  (FOM)  for  a selected  group  of  electronic  system  components.  The  procedure  will  use  a 
minimum  number  of  significant  parameters  to  define  the  "goodness"  of  components.  Emphasis  will  be  placed 
on  determining  EMC  FOMs  for  transmitters  and  receivers  of  a specified  class:  single-channel  voice  com- 

munications.* Some  effort  will  also  be  devoted  to  developing  a generalized  expression  for  "system"  ef- 
fectiveness, which  will  Include  the  "goodness"  measures  of  the  transmitters  and  receivers. 

The  transmitter  and  receiver  FOMs  will  be  derivable  from  measured  data  obtained  by  using  specified 
procedures.  The  FOMs  will  also  be  derivable  by  analytical  means.  If  suitable  analytical  models  nre  used. 

The  EMC  FOM  will  be  useful  to  equipment  design  engineers,  system  planners,  regulatory  personnel,  and 
managers  In  related  area*.  In  effect,  the  FOM  will  represent  numerical  measurer-  of  spectrum  utilization 
(primarily  transmitters)  and  RF  environmental  susceptibility  (primarily  receivers).  The  measures  will 
be  so  designed  that  they  are  readily  understandable  to  management  us  well  as  the  technical  community. 
Interim  and  final  reports  will  be  Issued,  describing  the  procedu.-e,  providing  numerical  examples  relative 
to  several  different  devices,  and  suggesting  approaches  that  can  be  used  to  address  other  classes  ol 
equipment  nnd  systems.  Specific  recommendations  will  be  made  regarding  the  application  of  the  EMC  FOM  to 
individual  transmitters  and  receivers  and  to  other  electronic  components  and  systems.’ 


This  class  was  chosen  because:  (1)  It  contains  literally  millions  of  equipment;  (2)  considerable  amounts 

of  measured  data  are  available  for  nonmilitary  and  military  equipment;  and  (3)  the  committee  manpower  and 
time  available  necessitated  some  restrictions. 


2.  COMMITTEE  MEMBERSHIP  AND  ACTIVITIES 


The  committee  consists  of  the  following  members: 


. G.  Duff 


G.  H.  Hsgn 


J.  S.  Hill 


M.  N.  Lustgarten 
(Chairman  and  ECAC 
Representative) 


Atlantic  Research  Corp. 

5390  Cherokee  Avenue 
Alexandria,  Virginia  22314 

Stanford  Research  Institute 
1611  H.  Kent  Street 
Arlington,  Virginia  22209 

RCA  Service  Company 
5260  Port  Royal  Road 
Springfield,  Virginia  22151 

IITRI,  ECAC 
North  Severn 

Annapolis,  Maryland  21402 


R.  J.  Mohr  AIL  Division  of  Cutler  Hammer 

Deer  Park 

Long  Island,  New  York  11729 


R.  B.  Schulz  Southwest  Research  Institute 

(IEEE  Representative)  8500  Culebra  Road 

San  Antonio,  Texas  78284 


N.  H.  Shepherd  General  Electric  Company 

Mountain  View  Road 
Lynchburg,  Virginia  24502 


The  committee  has  met  approximately  20  times  over  the  two-year  period  beginning  September  1972.  A 
significant,  amount  of  the  initial  effort  was  devoted  to  reviewing  the  literature  (JTAC,  1968;  DUFF,  W.  G., 
1969;  VERSAR,  1971;  BERRY,  L.  A.  and  EWING,  D.  It.,  1972;  SCHUh"  B.,  1973,  1974a).  A much  larger  list 
of  references  could  have  been  compiled  if  other  fields  that  ust  .he  POW  concept  (e.g.,  reliability)  had 
been  included.  The  committee  attempted  to  use  the  best  aspects  of  the  reported  techniques.  An  interim 
report  has  been  issued  (I FEE /ECAC,  1973),  and  a final  report  has  been  drafted  (IEEE/ECAC,  197*).  A 
symposium  was  conducted  in  November  1973  to  obtain  comments  from  the  U.S.  EMC  community.  An  overview 
paper  was  presented  at  the  1974  IEEE  International  Conference  on  Communications  in  Minneapolis  (LUSTGARTEN, 
M.  N.,  1974a),  and  a session  on  the  EMC  F0M  was  held  at  the  IEEE  International  EMC  Symposium  in  San 
Francisco  (LUSTGARTEN,  M.  N.,  1974b;  DUFF,  W.  G.,  1974;  MOHR,  R.  J.,  1974;  SCHULZ,  R.  B.,  1974b;  .IAGN, 

0.  H.,  1974). 

3.  GENERAL  COMMENTS  ON  THE  EMC  PROBLEM 

3.1.  Introductory  Remarks 

Before  the  work  of  the  committee  is  directly  addressed,  several  comments  seem  appropriate.  Electro- 
magnetic compatibility  is  a complex  multifaceted  problem,  which  is  not  discussed  in  detail  heru.  Its 
goals  are  closely  related  to  those  of  "spectrum  management."  DAVIE  (1959)  said  that  the  goals  of  spectrum 
management  are  "to  allocate  the  radio-frequency  spectrum  among  competing  needs,  to  Integrate  its  uses  so 
that  Interference  is  prevented,  and  to  conserve  the  spectrum,  recognizing  the  limitations  of  the  re- 
source." It  is  apparent  that  the  spectrum  management/EMC  problem  Is  analogous  to  the  various  ecological 
problems  (e.g.,  air  and  water  pollution),  as  well  as  to  the  various  resource  allocation  problems  facing 
individuals,  nations,  and  the  international  community. 

It  should  be  recognized  that  even  the  best  equipment  can  cause  or  experience  interference,  and, 
conversely,  even  the  poorest  equipment  may  operate  quite  satisfactorily  in  a relatively  sparse  electro- 
magnetic environment.  H-r>'  ever,  if  a user  has  equipment  that  is  "good"  from  sn  EMC  standpoint,  the  likeli- 
hood is  much  greater  that  it  can  o accommodated  in  any  environment  (i.e.,  that  Interference  will  not  be 
caused  or  experienced),  and  greater  flexibility  In  spectrum  management  will  be  achievable. 

Apart  from  the  issue  of  which  competing  user  group  should  be  favored  over  another  (a  subject  not 
amenable  to  technical  analysis),  a nu.aber  of  related  factors  can  be  considered  in  an  objective,  technical 
manner:  cost,  the  state  of  the  art,  equipment/system  performance,  and  standards. 

3.2.  Cost 

Better  EMC  frequently  implies  higher  initial  cost.  However,  If  improved  EMC  is  Incorporated  in  the 
original  design  specifications,  total  (life-cycle)  costs* may  be  considerably  lower  than  if  no  attention 
is  paid  to  EMC  during  the  design  stage  and  "llxes"  are  required  after  the  equipment  has  been  msnufsctured 
snd  pieced  In  operation.  An  EMC  F0M  cnn,  when  related  to  requirements  for  a given  application,  provide 
the  EMC  benefit  portion  of  a cost-benefit  analysis  performed  to  determine  whether  higher  inltisl  cost  is 
worth  the  investment. 


3.3.  State  of  the  Art 

The  state  of  the  art  In  EMC,  or  in  most  related  fields,  cannot  always  defined  precisely.  Many 
advanced  techniques  are  described  in  the  literature,  and  many  advanced  devi:es  exist  as  prototype  models 
or  laboratory  "lash-upB."  However,  given  actual  operational  hardware,  standard  measurement?  can  be  per- 
formed to  determine  whether  one  equipment  has  better  EMC  characteristics  than  another.  The  equipment 
that  represents  the  state  of  the  EMC  art  will,  by  definition,  be  given  the  highest  EMC  FOM  score.  Hence, 
the  FOM  will  provide  a ruler  for  measuring  any  specilic  equipment  or  system  relative  to  the  EMC  state  of 
the  art. 

3.4.  System  Performance 

There  is  a subtle  distinction  between  system  performance  and  EMC  "goodness."  A higher  system  per- 
formance score  (neglecting  EMC  considerations)  would  usually  be  achieved  by  a communication  system  having 

higher  power  and  a more  senaitive  receiver.  Conversely,  the  equipment  with  lower  power  and  a less  sensi- 

tive receiver  would  generally  be  less  likely  to  cause  or  experience  harmful  interference.  EMC  is  cne  of 
meny  factors  that  contribute  to  system  effectiveness.  It  is  contended  that,  in  the  long  run,  better  EMC 
characteristics  will  result  in  improved  overall  system  performance  when  the  complete  operational  environ- 
ment is  considered. 

3.5.  EMC  Standards 

The  availability  of  the  FOM  scale  will  enable  personnel  who  are  devising  standards  to  determine  what 
to  measure  and  to  set  limits  that  are  meaningful  in  terms  of  the  areas  noted  above.  Selected  numerical 
limits  (e.g.,  decibels  below  or  above  some  absolute  level  of  power  flux  density  or  field  strength  per 
unit  bandwidth)  can  be  compared  with  the  FOM,  which,  in  turn,  can  be  related  to  cost,  system  performance, 
and  the  state  of  the  art.  In  this  way,  objective,  meaningful  standards  can  be  established. 

Now,  let  us  address  the  process  of  developing  the  EMC  FOM. 

4.  DEVELOPMENT  OF  AN  EMC  FOM 

4.1.  The  Process 

The  process  of  developing  an  EMC  FOM  Is  illustrated  In  Figure  1.  The  first  step  is  to  define  the 
requirements  and  specify  the  desirable  features  of  the  FOM.  The  second  step  is  to  define  the  criterion 
to  be  used  to  specify  EMC  merit.  It  is  then  necessary  to  choose  a method  of  approach  for  deriving  the 
FOM  on  the  basis  of  the  selected  criterion.  Identifying  the  significant  EMC  parameters  is  the  next  step. 
Then  it  is  necessary  to  quantify  the  FOM  by  specifying  how  to  measure  (or  calculate)  values  for  the  param- 
eters and  by  developing  scoring  formulas  for  using  the  quantitative  input  data,  taking  into  account  the 
environment  in  which  the  equipment/system  might  be  used — or  some  hypothetical  environment (s) . The  scale 
on  the  FOM  "yardstick"  must  be  chosen  and  quantified,  and  its  limitations  must  be  explored.  When  these 
steps  have  been  performed  and  the  necessary  Input  data  have  been  obtained,  it  should  be  possible  to  compute 
EMC  FOMs. 

4.2.  Requirements  for  the  EMC  FOM 

4.2.1.  General  Requirements 

4. 2. 1.1.  Introductory  Remarks 

The  FOM  must  be  based  on  sound  EMC  concepts  and  must  e expressed  in  user-relevant  terms:  there- 
fore, one  must  specify  the  potential  users,  the  uses  that  might  be  made,  and  the  level  of  detnil  that 
might  be  relevant  for  each.  The  users  of  such  an  EMC  FOM  might  include  the  hardware  development  team 
(equipment,  EMC,  and  system  engineers,  and  technical  and  administrative  managers),  the  user  who  selects 
and  uses  the  equipment  or  system  to  meet  his  operational  requirements,  and  the  spectrum  manager  who  autho- 
rizes the  use  of  the  electromagnetic  spectrum.  Question-:  relative  to  all  EMC  FOM  users  are: 

• What  uses  will  they  make  of  an  FOM? 

• Can  one  number  satisfy  thorn  all? 

• Does  so  much  smoothing  occur  In  boiling  down  the  technical  information  to  one 

number  that  the  result  obtained  is  meaningless?  ' 

In  general,  the  managers  will  want  less  detail  (i.e..  they  will  want  one  number),  and  the  engi- 
neers will  want  varying  degrees  of  additional  detail.  Briefly,  managers  w*’l  probably  want  scores  for 
receivers,  transmitters,  and  systems  In  the  context  of  oost  versus  benefti  or  their  specific  application 
(RACH,  R.  A.  and  SORKIN,  I.J.,  1974);  whereas  engineers  are  likely  to  want  i.ese  scores  as  well  as  param- 
eter scores  and  the  detailed  technical  data  on  which  they  are  based. 

Ail  the  users  of  an  EMC  FOM  will  want  the  equipment  or  system  to  be  able  to  perform  its  mission 
in  a cost-beneficial  manner  without  being  subjected  to  unacceptable  degradation  (LUSTGARTEN,  M.  N.,  1970) 


or  causing  harmful  Interference  (ITU,  1968)  to  other  spectrum-using  systems.  The  system  user  and  his 
developer  have  a primary  Interest  In  the  probability  of  unacceptable  performance  degradation  of  the  system 
being  rated,  as  a function  of  both  the  system  design  variables  and  the  environment(s)  In  which  the  system 
will  be  used.  The  spectrum  manager,  although  interested  In  the  problems  of  the  user  of  the  system  being 
rated,  Is  also  Interested  In  the  probability  of  harmful  Interference  to  other  spectrum-using  systems  that 
could  be  caused  by  the  system  being  rated.  Therefore,  the  FOM  should  provide  an  Input  for  decisions  among 
alternatives  for  system  design,  acquisition,  and  frequency  selection  and  authorization.  It  can  also  pro- 
vide guidance  for  EMC  standards. 


The  remainder  of  this  section  discusses  in  greater  detail  possible  requirements  In  each  of-  the 
areas  noted. 


4. 2. 1.2.  Equipment  De  „n 

In  general,  the  equipment  designer  considers  EMC  directly  only  if  he  is  asked  to  comply  with  some 
EMC  specification  or  standard.  EMC  standards  are  sometimes  minimal  and,  consequently,  sometimes  Inadequate 
for  many  co-site  situations.  The  designer  Is  primarily  concerned  with  performance  (in  an  interference- 
free  environment)  and  cost.  Reliability,  tAalntalnablllty , and  a host  of  similar  constraints  must  also  be 
taken  into  account. 

Better  EMC  is  likely  to  Involve  higher  cost,  but  design  trade-offs  are  possible,  and  an  EMC  FOM 
should  give  g-ildance  regarding  them.  For  example,  more  linear  receiver  mixer  characteristics  are  desirable, 
with  avoidance  of  spurious  responses  and  certain  intermodulation  (IM)  interactions.  One  approach  Is  to 
increase  local  oscillator  (LO)  levels,  usually  at  added  cost.  This  approach  tends  to  Increase  LO  radia- 
tion levels;  allowable  levels  are  specified  by  several  existing  standards.  Although  a trade-off  exists, 
in  general  it  appears  that  LO  radiation  effects  are  usually  less  significant  than  IM  or  spurious  response 
effects  in  a co-site  environment.  The  EMC  FOM  should  quantify  this  trade-off. 

4. 2. 1.3.  System  Design 

The  system  designer  is  usually  not  concerned  with  details  of  equipment  design,  per  se,  apart 
from  performance  characteristics  and  cost.  He  frequently  selects  "off-the-shelf"  items  that  meet  the  re- 
quired specifications.  Given  the  equipment  and  system  FOMs  as  a guide,  he  can  select  appropriate  com- 
ponents after  analyzing  the  various  trade-offs.  In  some  cases,  he  may  be  able  to  select  equipment  with 
relatively  poor  FOMs  in  conjunction  with  good  couplers.  It  should  be  noted  that  the  system  designer  rarely 
knows  the  frequencies  that  may  be  made  available  to  the  system  when  it  becomes  operational.  If  his  system 
has  a higher  EMC  FOM,  it  will  be  easier  to  accommodate. 

4. 2. 1.4.  EMC  Standards  and  Specifications 

This  is  a highly  complex  area,  partly  because  the  work  is  performed  by  committees,  the  members, 
of  which  have  different  motives,  different  backgrounds,  and  different  degrees  of  competence.  Numerous 
compromises  are  frequently  made  before  a final  product  is  obtained.  As  a result,  many  standards  cannot 
be  Justified  on  a purely  technical,  objective  basis.  Two  extreme  cases  are  conrniont-  some  standards  essen- 
tially permit  all  equipment  to  pass,  whereas  others  are  virtually  impossible  to  achieve  within  reasonable 
economic  constraints.  The  result,  in  the  latter  case,  is  generally  a waiver,  after  considerable  expendi- 
ture of  fundu  and  time. 


It  should  be  emphasized  that  the  standards-maklng  task  appears  to  be  the  key  element  of  the  EMC 
problem.  Given  appropriate  standards,  with  appropriate  enforcement,  the  cost  Impact  of  EMC  requirements 
could  be  minimized,  Also,  spectrum  management  and  operational  problems  could  be  greatly  simplified.  With- 
out adequate  standards,  spectrum  managers  and  users  are  faced  with  the  increasingly  difficult,  if  not  im- 
possible, task  of  "packing"  the  environment  with  pieces  of  equipment  whose  EMC  characteristics  are  known 
to  be  well  below  the  state  of  the  art. 


This  committee  did  not  adaress  the  numerous  political  and  administrative  problems  Involved  in 
standards  making;  however,  it  noted  that  if  the  proposed  EMC  FOM  concept  is  adopted,  the  nontechnical 
factors  will  become  harder  to  justify. 

4. 2. 1.5.  Spectrum  Management 

Spectrum  management  1>  another  large  and  complex  area  involving  national  government  and  non- 
government groups,  us  well  as  international  groups.  The  FGn  Is  not  a panacea  for  all  the  implied  manage- 
ment problems.  However,  if  adopted,  it  can  help  provide  a more  technical  basis  for  several  types  of 
spectrum  management  decision  making.  Applicable  areas  are  standart  :,  frequency  allocation,  frequency 
assignment.  Interference  minimization,  and  spectrum  conservation,  A detailed  discussion  of  each  of  these 
areas  is  beyond  the  rcope  of  this  status  report. 

4. 2. 1.6.  Administration 


This  term  refers  to  the  various,  numerous  managers  Involved  in  research,  development,  production, 
and  operations  relating  to  components,  equipment,  and  systems  that  involve  various  telecommunications 


devices  and  systems.  Prom  their  viewpoint,  EMC  Is  one  relatively  minor  factor  among  many  other  pressing 
considerations.  A quantitative  FOM  will  make  EMC  and  Its  role  in  telecommunications  much  more  under- 
standable to  these  people.  They  have,  for  example,  accepted  the  reliability  concept.  Many  of  them  might 
not  understand  the  technical  subtleties  behind  the  term  "95  percent  reliable."  But  It  is  a number  which, 
In  some  way,  la  appreciated  for  Its  Importance  and  Its  cost  Implications.  j j 

Perhaps  the  requirement  to  focus  the  manager's  attention  on  EMC  Is  one  of  the  best  arguments 
for  adopting  the  FOM  concept.  One  cannot  blame  responsible  people  for  Ignoring  something  that  appears 
(at  least  before  a serious  operational  EMC  problem  confronts  them)  to  be  a rather  vague  need.  If  a number 
is  supplied  that  is  based  on  technical  and  cost  considerations  pertinent  to  his  application,  the  manager 
Is  much  more  likely  to  give  his  support,  since  he  can  relate  a quantitative  value  to  benefits  and  the  cost 
required  to  achieve  them. 

4.2.2.  Specific  Requirements 

A list  of  desirable  EMC  FOM  characteristics  includes: 

(1)  The  FOM  should  Indicate  how  much  better  one  equipment  is,  relative  to  another, 

In  regard  to  EMC  capability. 

(2)  A capability  for  expressing  the  scores  In  general  terms  (l.e,,  categories  meaningful 
to  management)  should  be  provided. 

(3)  The  FOM,  for  the  equipment  under  consideration,  should  be  based  on  the  ability  of  the 
equipment  to  operate  in  a co-site  environment. 

(4)  The  form(s)  of  the  scoring  formulas  should  be  relatively  simple.  The  input  parameter 
values  should  be  derivable  from  measurements  performed  in  a standardized  manner. 

(5)  The  formulas  should  be  consistent  with  regard  to  analogous  parameters  and,  Insofar  as 
possible,  reflect  the  applicable  physical  phenomena. 

(6)  A large  sample  of  equipment  should  be  usee  to  develop  the  scoring  formulas,  to  ensure 
that  the  total  range  of  EMC  capabilities  (worst  to  best)  will  be  considered  adequately. 

(7)  The  results  obtained  by  using  the  FOM  formulas  should  be  consistent,  on  a relative 
basis,  with  the  subjective  rank  order  that  would  be  arrived  at  independently  by 
qualified  engineers  who  study  the  measured  results  for  a given  set  of  equipment. 

(8)  The  equipment  that  represents  the  EMC  state  of  the  art  should  be  given  the  highest 
score.  In  other  words,  the  equipment  that  can  most  readily  be  accommodated  In  a 
dense  environment  (from  the  standpoint  of  being  less  likely  to  cause  or  experience 
performance  degradation  due  to  Interference)  should  be  given  the  highest  score. 

(9)  Ideally,  the  range  of  FOM  scores  should  be  between  0 and  100,  although,  in  some 
cases,  scores  greater  than  100  and  less  than  zero  will  occur.  A score  of  50  should 
represent  the  median  equipment,  that  Is,  approximately  half  the  equipment  of  the 
type  under  consideration  will  have  scores  above  50,  while  half  will  have  scores 
below  50. 

4.3.  Criteria  for  the  EMC  FOM 

The  committee  considered  several  possible  criteria  for  formulating  an  EMC  FOM.  Two  of  the  most 
promising  were: 

(1)  The  probability  of  achieving  adequate  EMC,  p(EMC). 

(2)  The  number  of  channels,  that  would  be  denied  by  the  system  being  rated  to  other 
systems  that  would  subsequently  be  added  to  the  same  environment. 

Computer  program8  exist  for  the  computation  of  single-channel  voice  communication  system  performance 
both  with  and  without  interference  [e.g.,  the  co-site  analysis  model  of  LUSTGARTEN  (1970),  C0SAM,  can  com- 
pute p(EMC)],  but  a detailed  specification  of  the  technical  characteristics  of  all  systems  in  the  environ 
ment  is  required.  For  example,  the  exact  frequencies  of  operation  of  these  systems  must  be  specified. 
Generally,  the  exact  environment  is  not  known  before  a system  is  deployed,  and  in  some  cases  the  system 
might  have  to  operate  in  many  environments.  Therefore,  it  would  be  necessary  to  run  C0SAM  many  times 
(perhaps  exhaustively,  in  a Monte  Carlo  mode)  to  obtain  an  EMC  FOM  based  upon  average  u(EMC)  calculations. 
This  could  be  rather  time-consuming,  and  the  interpretation  of  the  results  might  be  difficult.  Further- 
more, not  all  potential  users  of  the  FOM  would  have  C0SAM  available. 

A computer  program,  the  denled-usage  channel  evaluator  (DUCE)  program,  was  developed  for  the  com- 
putation of  Nd.  The  program  only  requires  specification  of  a simply  defined  environment;  it  does  not 


* 

The  probability  of  achieving  adequate  EMC  can  be  considered  as  1 minus  the  probability  of  unacceptable 
degradation.  ' 


reni'lr*  the  detailed  input  parameters  006AM  requires.  In  effect,  tha  program  conaldera  tha  frequency- 
api  trua  dimension  In  datall  and  tha  apaca  dimension  in  a simplified  aannar.  The  aaauaption  ia  aada 
thi  tha  input  power  level  a fro*  all  knitters  in  tha  co-aita  environment  are  equal,  and  other  simplifying 
aaaii.'  .itlona  are  made  for  tha  teat  environment  (aee  Sec.  1.7).  A more  complete  channel  definition— >auch 
aa  the  one  given  by  JTAC  (1968)  which  encompasaea  frequency,  apace,  and  time— aeema  unduly  complicated 
for  a first  attempt  at  an  BMC  FOM. 


The  denied-channel  criterion  was  chosen  by  the  committee  becauae  it  met  the  requirement#  specified 
in  Sec.  4.2  with  the  least-complicated  asa’umed  test  environment  that  still  Incorporated  the  essential 
features. 


4.4.  Methods  of  Approach 

Two  methods  of  approach  were  studied:  (l)a  direct  approach  that  would  Involve  obtaining  a FOM  for 

a system  without  first  specifying  the  EMC  goodness  of  the  system  components  and  (2)  a building-block 
approach  that  would  consist  of  specifying  the  EMC  goodness  of  subsystems  (e.g.,  equipment  such  as  receivers 
and  transmitters)  and  then  somehow  combining  the  equipment  scores  to  give  a system  score.  The  direct  ap- 
proach would  require  the  use  of  the  1X1 CE  program,  and  the  basic  score  could  be  Nd,  or  an  inverse  relation- 
ship defined  so  that  a higher  score  would  mean  a better  system.  The  building-block  approach  was  appealing 
because  it  would  provide  insight  into  the  relative  Importance  of  each  OK  parameter  selected  for  each 
equipment,  and  such  information  might  be  useful  in  the  EMC  design  trade-off  and  cost-benefit  analyses. 
However,  using  the  direct  approach,  one  could  still  obtain  the  data  needed  for  such  analyses  by  keeping 
track  of  the  causes  of  the  channel  denials  as  a function  of  the  EMC  parameters  while  running  DUCE  for  the 
overall  system. 

The  DUCE  program  might  not  always  be  available;  also,  it  is  desirable  to  have  a simple  FOM  formula. 

It  is  possible  to  use  DUCE  on  some  diagnostic  runs,  to  look  for  trends  as  a function  of  particular  com- 
binations of  equipment  and  environments,  and  to  use  the  results  for  guidance  in  determining  the  rules 
for  combining  parameter  scores  to  yield  equipment  scores  (i.e.,  for  determining  parameter  weighting  factors). 
The  building-block  approach  was  adopted  and  is  discussed  in  the  remainder  of  this  paper. 

The  building-block  approach  is  illustrated  in  Figure  2;  it  consists  of: 

(1)  Defining  scores  for  transmitter  and  receiver  EMC  parameters  on  the  basis  of  the 
amount  of  frequency  spectrum  they  cause  to  be  denied. 

(2)  Combining  the  parameter  scores  with  appropriate  weighting  factors  on  the  basis  of 
the  relative  number  of  channels  denied,  to  give  equipment  scores. 

(3)  Combining  the  equipment  scores  (properly  weighted  on  the  basis  of  denied  channels), 
to  obtain  a system  score. 

4.5.  Parameter  Identification 


To  develop  equipment  parameter  scores,  it  is  necessary  to  identify  the  Important  EMC-related  param- 
eters for  c<ch  system  component.  One  way  to  do  this  is  to  include  many  possible  parameters,  compute  the 
number  of  i one  Is  tha  oh  denies,  by  using  a DUCE-like  program,  and  then  make  a value  Judgment  to 
determi  .p  chich  paraiu.t-.s  are  sufficiently  significant  to  include  in  an  FOM  formula.  The  committee 
chose  o Afferent  method,  the  Delphi  method  (e.g.,  J0LS0N,  M.  S.,  and  R0SS0W,  G.  L.,  1971),  which  con- 
sists oi  a panel  of  experts  in  the  field  stating  which  parameters  they  think  are  important,  discussing 
these  parameters,  and  then  using  their  consensus  to  select  specific  parameters. 

A set  of  measured  data  from  UHF  (225-400  MHz)  AM  transceivers  was  considered.*  The  initial  param- 
eters were,  for  receivers:  adjacent-signal  Interactions,  two-signal  third-order  intermodulation  (IM),  and 

spurious  responses;  for  transmitters:  two-signal  third-order  IM  and  spurious  emissions.  Later,  trans- 

mitter noise  was  considered.  The  committee  members  individually  ranked  several  transceivers  on  a relative 
basis  in  terms  of  EMC  "goodness’’  after  reviewing  measured  data  for  each  parameter.  The  results  of  the 
ranking  exercise  were  quite  enlightening.  Essentially  unanimous  agreement  was  achieved  for  overall  per- 
formance and  for  all  pars— ters  e receiver  spurious  responses  (and,  in  some  cases,  the  spurious 

emission  interactio.  ' . iV.e  spur  ■■  ases  represented  a somewhat  difficult  interpretation  problem. 
Electronic  engineers  normally  consider  spurious  responses  in  terms  of  decibels  relative  to  nominal  sensi- 
tivity. In  other  words,  spurious  responses  are  stated  as  relative  input  power  levels  (e.g.,  60  or  80  dB) 
greater  than  the  sensitivity  level,  at  frequencies  other  than  the  tuned  frequency  (outside  some  nominal 
bandwidth),  that  result  in  the  same  output  as  the  "sensitivity"  input  power  level  at  the  tuned  frequency. 
The  levels  of  the  responses  are,  of  "<*se,  important,  but  the  number  of  responses  is  also  significant. 

No  known  receiver  standard  recognize  s situation.  The  relative  importance  of  the  levels  and  the  number 
of  responses  deoends  upon  the  envij  . t in  which  the  receiver  is  used.  After  the  committee  recognized 
this  situation  it  achieved  a concensus  on  the  relative  ranking  of  the  receivers'  spurious  response  capa- 
bilities as  germane  to  a moderately  dense  co-site  environment. 
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Other  bands  and  modulation  types  were  subsequently  considered 


Each  parameter  choaan  had  to  ba  measurable  with  good  confidence.  It  la  desirable  to  be  able  to 
calculate  values  for  the  EMC  parameters  when  measurements  are  not  practical  (or  feasible,  e.g.,  before  the 
equipment  has  been  built).  The  parameters  for  transmitters  and  receivers  finally  Identified  by  using  the 
Delphi  method  are  summarised  In  Table  1.  Transmitter  noise  has  been  discussed  by  SHEPHERD  and  SMITH  (1958). 
The  other  parameters  are  relatively  well  known.  The  symmetrical,  analogous  relationships  between  trans- 
mitter and  receiver  parameters  can  be  noted  (e.g.,  the  adjacent-signal  Interaction  Involves  the  effects 
of  a single  transmitter  on  a receiver  at  relatively  small  frequency  separations,  as  does  the  transmitter 
noise  interaction) . // 

A 

TABLE  1 PARAMETERS  FOR  EMC  PCM 


I Transmitter  Parameters 


Receiver  parameters 


Spurious  Emissions  (SE)  Spurious  Responses  (SR) 
Transmitter  Noise  (TN)  Adjacent-Signal  Interactions  (AS) 

Intermodulation  (TIM)  Intermodulatlon  (RIM) 


4.6.  Parameter  EMC  POM  Scores 

Standard  procedures  for  measuring  the  necessary  Input  data  required  to  calculate  parameter  scores 
are  given  by  I EEE/ECAC  (1974).  These  procedures  are  consistent  with  Mil  -STD  449D  (U.S.  DoD,  1973)  to  the 
extent  that  this  standard  provides  the  necessary  infolfaation.  Ideally,  data  for  the  scoring  formulas  could 
be  obtained  directly  from  the  specification  sheets  of  equipment  manufacturers.  However,  the  committee 
has  found  a lack  of  appropriate  standard  measurement  procedures  and  data  for  some  of  the  significant  param- 
eters (e.g.,  TN),  and  the  manufacturers'  specifications  currently  do  not  contain  all  the  Information  re- 
quired to  compute  the  EMC  FOM. 

The  formulas  for  computing  the  parameter  scores,  S , are  given  in  Table  2 (see  the  Glossary  at  the 
end  of  this  paper  for  a definition  of  the  terms  used  In  these  formulas). 

TABLE  2 FORMULAS  FOR  PARAMETER  EMC  FOM  SCORES 


Transmitter  Parameters 


Spurious  Emissions  (SE) 


S + S 
SEI  SEO 


- P - 80  ; S 


[1.08] 


[1.08] 


Receiver  Parameters 


Spurious  Responses  (SR) 


+ 2.5  P + 10 
SR 


[1.08] 


- - 8° 
SEO 


Transmitter  Noise  (TN) 

S (94)  + S (64) 
TN  TN 


Adjacent  Signal  (AS) 

S.„(10)  + S (20) 
AS  AS 


V94)  " Af  (94) 
TN 


’ STN<64)  = v f (64) 

TN 


0 0 

S (10)  =■  S (20)  = 

ASV  Af  (10)  ASV  Af  (20) 

AS  AS 


Intermodulatlon  (TIM) 


Intermodulation  (IM) 


S = - 2.5  P - 50 

TIM  TIM 


It  was  necessary  to  develop  a method  of  scoring  to  reflect,  on  a relative  basis  and  In  a linear  manner, 
the  amount  of  spectrim  denied  due  to  each  parameter.  The  formulas  were  refined  by  modifying  the  basic  llnesr 
term  or  its  equivalent  with  a scale  factor  and  an  additive  constant  (or  equivalent)  to  relate  the  scale  to 
the  state  of  the  art  and  to  typical  (median)  equipment  (1EEE/ECAC,  1973,  1974).  These  formulas  were  develop- 
ed so  that  a typical  (median)  equipment  from  the  sample  used  by  the  committee  would  have  a parameter  score 
of  about  50,  and  a state  of  the  art  equipment  would  have  a score  of  about  100.  However,  neither  of  the  end 
points  of  the  scale  are  fixed,  and  negative  scores  or  scores  greater  than  100  are  possible  for  any  arbi- 
trarily selected  equipment.  An  absolute  scale  with  fixed  end  points  has  been  suggested  by  Schulz  (1974b). 

If  such  a scale  (l.e.,  zero  to  one)  Is  adjusted  to  give  a score  of  one  for  the  state  of  the  art  system  and 
zero  for  the  poorest  example  system,  then  the  scoring  formulas  will  require  modification  as  more  equipment 
are  considered  and  as  the  statu  of  the  art  changes.  Furthermore,  the  requirement  to  give  the  median  equip- 
ment (at  the  time  the  formula  Is  developed)  a score  close  to  0.5  becomes  difficult  to  implement  because  of 
the  number  of  degrees  of  freedom  required. 
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4.7.  Equipment  EMC  FOM  Scores 

Equipment  IMC  PCM  icorti  can  ba  computed  from  tha  parameter  ft  coral  • This  can  ba  accomplished  In  a 
straightforward  aannar  by  iiualnf  tha  paraaatar  acorea  (Sp)  obtained  tty  using  tha  formulMS  (Ivan  In  Table  2 
with  appropriate  weighting  factors  (Wp): 


Transmitter  score  » 

S_ 

* W— 

• S _ 

+ 

* s_. 

4 W 

• 8 

T 

SB 

SK 

TO 

TO 

TIM 

TIM 

Receiver  score  - 

» w„ 

• s „ 

4 w._ 

• S 

♦ w_. 

• S 

R 

SR 

SR 

AS 

AS 

RIM 

RIM 

Tha  weighting  factors  depend  on  both  tha  aqulpaant  characteristics  and  tha  environment.  By  definition 
tha  sua  of  tha  Wp  factors  Is  unity.  It  Is  possible  to  compute  Nd  as  * function  of  tha  number  of  Identical 
systems  (transmitter-receiver  pairs)  by  using  DUCK  and  noting  tha  number  of  channela  denied  by  each  EMC 
parameter.  These  data  could  be  used  to  provide  estimates  of  the  weighting  functions  as  a function  of  the 
environment  to  be  used  In  Eqs.  (1)  and  (2).  This  was  done  for  poor,  sverage,  and  good  equipment  Involving 
the  following  parameters: 

• Frequency  band:  223-400  MHz 

• Channel  width:  100  kHz 

• Modulation  type:  AM 

t 

• Transmitter  power:  +30  dBm 

• Desired  signal:  10  dB  > receiver  sensitivity 

When  the  number  of  identical  systems  (N()  exceeded  about  eight,  the  weights  were  relatively  insensitive  to 
the  size  of  the  environment  (see  Figures  3 snd  4 for  examples).  Estimates  for  the  parameter  weights  In  a 
relatively  dense  co-site  environment  (12  systesis)  based  on  this  type  of  analysis  are: 


• Receiver  sensitivity: 


Input  power  (dBm)  to 
yield  S/N  = 10  dB  (no 
interference) 


Coupling  loss:  60  dB 

Channel  denial  criterion: 


(S  ■»  l ♦ N) 
(I  + N) 


1 10  dB 


4.8.  Systems  EMC  FOM  Scores 


0.25 

, W 

= 0.6  , 

W 

» 0.15 

’ TO 

TIM 

0.1 

= 0.3  , 

W 

= 0.6 

’ AS 

RIM 

The  final  step  In  the  building-block  approach  is  to  combine  the  equipment  scores  into  a system  score. 
As  Indicated,  we  define  a basic  system  consisting  of  a single  transmitter-receiver  pair.  For  simplicity  we 
exclude  the  antennas,  transmission  lines,  and  any  external  couplers  and  filters,  but  the  FOM  methodology 
developed  should  be  capable  of  extension  to  more  complete  and  complex  systems.  The  final  report  (IEEE/ECAC, 
1974)  Includes  a first  attempt  at  Including  couplers.  Again,  a simple  weighted  sum  represents  a straight- 
forward approach: 


s_  + w_ 


As  before,  it  is  possible  to  run  DUCE,  ke  t track  of  the  relative  number  of  channels  denied  by  the  trans- 
mitter and  receiver,  and  deduce  average  values  of  Wj  and  Wp  from  the  data  on  Nd  obtained  as  a function  of 
environment  and  the  quality  of  the  equipment.  Preliminary  analyses  Indicate  that  for  Wp  > WT: 

W_  = 0.3  , W_  = 0.7  , W_  + W„  = 1.0. 

T R ' T R 


3.  EXAMPLE  CALCULATIONS 


As  previously  mentioned,  the  committee  found  that  measured  Input  data  for  all  the  EMC  parameter  scoring 
formulas  are  not  currently  available.  Typically,  when  transmitter  noise  data  were  available,  data  for  the 
other  parameters  were  not.  We  were  able  to  obtain  data  for  selected  HF,  VHF,  and  UHF  equipment.  The  re- 
sults of  example  calculations  are  given  In  Table  3. 

TABLE  3 EMC  FCN  SCORES  OF  SELECTED  EQUIPMENT 


Equipment 

STN 

SSE 

STIM 

SAS 

SSR 

SRIM 

sr 

SR 

ss 

HF-1 

43 

-8 

18 

63 

58 

53 

28 

58 

49 

VHF-1 

26 

94 

48 

113 

39 

17 

47 

48 

48 

VHF-2 

53 

48 

54 

64 

103 

57 

53 

63 

60 

UHF-1 

24 

71 

28 

104 

98 

97 

36 

99 
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Note  that  for  these  examples  the  transmitter  scores  are  lower  than  the  receiver  scores  (e.g.,  UHF-1  has  a 
very  good  receiver  from  an  EMC  standpoint,  but  the  transmitter  Is  below  average) . 


8.  INTERPRETATION  OF  THE  EMC  FOM  SCORES 

The  scoring  method  described  under  the  building-block  approach  produces  system  scores  on  an  absolute 
scale,  according  to  the  formulas  used.  It  should  be  recognised  that,  In  spite  of  its  quantitative  nature, 
the  FOM  yardstick  under  development  is  not  precise.  Small  differences  are  not  algnificant  (but  what  Is 
small?).  For  example,  VHF-2  (see  Table  3)  scored  higher  than  VHF-1,  but  did  it  score  significantly  higher? 
Runs  of  the  DUCE  program  Indicate  that  two  conditions  away  on  e five-level  scale  (see  Table  4)  can  be  taken 
as  significant,  whereas  equipment  or  systems  in  adjacent  categories  may  not  differ  significantly— especially 
if  each  score  is  near  the  sane  category  boundary.  Figure  S shows  the  results  of  a DUCE  run  for  the  poor 
(Category  I)  and  the  good  (Category  V)  receivers  discussed  in  Sec.  4.7.'  These  recei/J^rs  are  significantly 
different,  but  VHF-1  and  VHF-2  probably  are  not  significantly  different  for  moat  applications. 

TABLE  4 SUGGESTED  RELATIONSHIPS  BETWEEN  EMC  FOM 
SCORES  AND  EMC  CAPABILITY  CATEGORIES 


EMC  FOM  Scores 

EMC  Capability  Category 

s 20 

> 20;  * 40 

> 40;  s 60 

> 80:  s 80 

> 80 

I (poor) 

11  (below  average) 
III  (average) 

IV  (above  average) 
V (good) 

/£  - ^ 


Another  question  raised  by  Table  3 is:  Should  unlike  equipment  be  rated  on  the  same  scale  and  with 

the  same  parameter  values?  It  is  apparent  that  one  should  not  attempt  to  compare  an  HF-SSB  communications 
system  with  a X-band  tracking  radar,  other  than  noting,  for  example,  that  they  are  both  "good"  relative  to 
the  state  of  the  art.  The  procedures  adopted  to  score  diverse  equipments  should  be  similar  in  principle 
but  different  in  regard  to  scoring  parameters.  The  key  to  the  answer  to  this  question  lies  in  the  use  of 
the  FOM  to  help  make  decisions  between  alternatives. 

Confidence  in  the  FOM  and  its  proper  Interpretation  can  be  obtained  by  additional  use  of  the  DUCE 
program  and  the  Delphi  approach,  but  the  user  will  need  to  calibrate  himself  on  the  FOM  scale  for  his 
specific  appllcation(s) . 

7.  POSSIBLE  EXTENSIONS  OF  THE  EMC  FOM 

One  natural  extension  of  the  work  to  date  would  involve  further  development  of  the  FOM  described  in 
this  paper  so  that  it  could  be  applied  to  a more  complex  single-channel  voice  communication  system  (e.g., 
to  add  antennas,  transmission  lines,  and  couplers  or  filters  to  the  "basic  system"  consisting  of  a 
transmitter-receiver  pair).  Such  an  extension  is  relatively  straightforward  when  using  the  direct  approach 
(DUCE),  although  the  treatment  of  the  antenna  could  require  some  sophistication.  However,  there  are  problems 
with  the  building-block  approach  (e.g.,  the  EMC  worthiness  of  good  equipment  might  be  improved  little  by 
the  addition  of  a filter,  whereas  that  of  poor  equipment  might  be  greatly  improved).  The  EMC  goodness  of 
a filter  or  coupler  in  a system  depends  on  both  its  inherent  properties  and  the  properties  of  the  system 
in  which  it  is  used.  Consequently,  the  weighting  factors  for  filters  or  couplers  may  need  to  be  n function 
of  the  EMC  parameters  of  the  transmitters  and  receivers  to  which  they  are  attached. 

The  current  formulation  of  the  FOM  is  useful  to  define  possible  interference  Interactions.  Time- 
domain  information  may  be  required  to  better  define  probable  interactions.  For  example,  the  likelihood  of 
three-signal  1M  is  less  than  that  of  two-signal  1M  during  push-to-talk  operation.  Therefore,  a logical 
extension  might  be  to  use  estimates  of  time  on  the  air  to  refine  the  weighting  factors.  This  would  have 
the  effect  of  decreasing  the  size  of  the  IM  weighting  factors  and  Increasing  the  other  weighting  factors. 

Broadening  the  FOM  to  include  directly  the  frequency,  time,  and  space  dimensions  opens  up  many  pos- 
sibilities, and  the  p(EMC)  criterion  can  be  reconsidered.  For  example,  the  FOM  could  then  be  applied  to 
the  frequency  re-use  problem — a problem  beyond  the  scope  of  the  current  FOM  because  space  Information  is 
not  explicitly  Included  in  the  formulation— but  much  more  input  data  would  be  required. 

Another  chain  of  possible  extensions  consists  of  beginning  again  and  defining  a FOM  for  other  classes 
of  equipment  (e.g.,  multiple-channel  voice  communications  or  radar).  Still  another  category  of  extension 
would  be  to  use  the  existing  FOM  in  a broader  context  such  as  that  of  SCHULZ  (1973).  One  could  determine 
the  importance  of  EMC  considerations  relative  to  tho  other  considerations  Involved  in  system  effectiveness, 
mission  effectiveness  and  so  on. 

All  these  extensions  are  worthy  of  consideration,  but  it  should  be  recognized  that  the  p(EMC)  criterion, 
If  properly  Implemented,  Involves  a considerable  increase  in  complexity  over  the  channel  denial  criterion. 

■ 8.  CONCLUSIONS  AND  RECOMMENDATIONS 
8.1.  Conclusions  ^ 

The  channel  denial  concept  provides  a sound  basis  for  developing  an  SMC  FOM.  The  building-block  ap- 
proach can  be  successfully  Implemented  when  the  required  weighting  factors  are  derived  by  direct  calculation 


of  denied  channel*  In  an  assumed,  moderately  dense  co-alt*  environment.  The  scoring  formula*  developed  by 
the  committee  to  lllualrat*  the  method  demonstrate  the  feasibility  of  a relatively  almple  (but  meaningful 
and  practical)  CMC  POM  baaed  on  meaaured  equipment  parameter*.  More  work  la  needed  to  better  define  the 
required  minimum  POM  acorea  for  apeclflc  group*  of  equipment  and  categories  of  applications, and  feedback 
from  those  who  use  the  POM  on  a trial  basla  will  be  an  Important  Input. 

The  coaualttee'a  Investigations  unearthed  a series  of  deficiencies  (or  Inadequacies)  In  certain  current 
EMC  standards  and  associated  measureatent  procedures.  Briefly,  existing  standards  do  not  contain  pertinent 
criteria  relative  to  several  important  EMC  characteristics.  Where  iseauurementa  are  specified,  they  are 
frequently  not  designed  to  describe  transmitter  and  receiver  EMC  characteristics  adequately.  Some  of  these 
Inadequacies  are  discussed  below: 

Spurious  responses  and  emissions— Existing  standards  specify  criteria  In  terms  of  relative  levels 
(l.e.,  decibels  relative  to  sensitivity  or  rated  power,  or,  for  emissions  in  some  cases,  a minimum  accept- 
able spurious  output  power  level).  An  acceptable  abaolut*  power  level,  above  which  a spurious  response 
would  not  result,  would  be  more  meaningful  than  a relative  meaaure.  Of  even  more  significance  is  the  need 
to  meas"re  and  record  the  number  of  significant  spurious  emissions  and  responses,  particularly  those  within 
the  tuning  ranges  of  the  equipment  and  adjacent  bands. 

Receiver  interaodulation — Current  practices  call  for  measurements  and  criteria  Involving  a small  fre- 
quency separation,  often  only  one  channel.  This  is  essentially  a test  of  receiver  mixer  characteristics. 

The  one-channel  RIM  test  is  of  interest,  but  it  was  not  selected  for  use  in  calculation  of  the  FOM  because 
of  an  attempt  to  reduce  measurement  requirements.  The  nonlinear  characteristics  of  the  first  amplifier 
and  the  amount  of  rejection  provided  to  the  first  stage  of  amplification  are  of  more  significance  in  co-site 
situations.  Larger  Input  power  levels  and  larger  frequency  separations  are  required  to  tedt  the  receiver's 
relative  EMC  capabilities  in  this  important  area. 

Transmitter  intermodulation — As  in  the  case  of  RIM,  current  TIM  measurements  usually  involve  small 
(generally  unspecified)  frequency  separations.  The  test  is  of  value  if  properly  performed,  but  does  not 
reflect  the  transmitter's  output  selectivity  characteristics.  The  use  of  a 5-percent  separation  represents 
a simpler  measurement  problem,  and  its  result  will,  if  adequate  precautions  are  taken,  describe  TIM  charac- 
teristics satisfactorily . 

Receiver  adjacent- signal  interactions — Exiting  tests  evaluate  the  effects  of  relatively  small  fre- 
quency separations.  This  approach  is  probably  adequate  for  narrowband  FM  receivers.  It  is  not  adequate  for 
narrowband  AM  (DSB  and  SSB)  receivers,  since  cross-modulation  effects  (due  to  relatively  large  input  inter- 
fering levels)  can  be  generated  in  the  first  amplifier,  (e.g.,  RIM)  and  noted  at  the  receiver  output.  Also, 
use  of  Input  power  levels  specified  in  absolute  terms  will  provide  more  meaningful  results  for  AM  receivers 
and  will  also  be  applicable  to  FM  receivers. 

Transmitter  noise — Mont  existing  standards  do  not  contain  an  adequate  description  of  a measurement 
procedure  for  this  Important  parameter.  Where  existing  criteria  are  available,  only  one  power  threshold  is 
specified.  The  noise  spectrum  should  be  sampled  at  more  than  one  frequency  since  some  transmitters  exhibit 
relatively  high  noise  levels  in  a band  close  to  the  tuned  frequency  and  relatively  low  levels  at  larger 
separations,  whereas  others  exhibit  virtually  flat  characteristics  over  a wide  band. 

8.2.  Recommendations 

It  Is  recommended  that  the  denied  channel  concept  be  reviewed,  the  proposed  scoring  formulas  be  used 
on  a trial  basis  by  equipment  manufacturers  and  users,  and  the  resulting  experience  be  reported  to  the  com- 
mittee. 

It  is  further  reconaended  that  the  current  EMC  FOM  be  extended,  as  applicable,  to  more  complex  systems 
and  to  other  classes  of  equipment. 

Finally,  current  EMC  standards  should  be  reexamined  in  the  context  of  the  denied  usage  concept. 
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GLOSSARY 


Score  Designators 

The  symbol  Sx  Is  used  to  represent  the  FOM  scores  (e.g.,  S^) , where  X la: 

TN:  transmitter  noise 

SB:  transmitter  spurious  emlsalon 

TIM:  transmitter  Intermodulation 

AS:  receiver  adjacent- signal  Interaction 

SR:  receiver  spurious  response 

RIM:  receiver  Intermodulation 

R:  receiver 

T:  transmitter 

S:  system  (transmlttt.r-receiver  pair) 
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Otjwr  Pertinent  fictori 

8,  1,  N ' signal,  IntirfiNgct)  nolae,  respectively;  usually  expressed  In  milliwatts  and  convorted 
to  ratios  In  dB;  a.*.,  8/M,  8/(1  + K),  ate. 

PD=  daalrad  Input  power  laval,  In  dBa 
Pj : interfering  Input  power  laval.  In  dBa 

Af : frequency  aaparatlon,  In  aaaa  units  aa  fn,  (anarally  in  MR* 

tunad  frequency,  (anarally  In  Hits. 

Transmitter  Spurious  Emission  (88)  Tarns 

PgBJ  « tha  average  ln-band  spurious  aalssion  laval  (dBsi) 

%IO  * -vr.C  out-of-band  spurious  aalssion  laval  (dBa) 

N - tha  average  nuabar  of  significant  ln-bsnd  spurious  aalaslons 
SSI 

M a tha  avaraga  nuabar  of  significant  out-of-band  spurious  amissions 

8lv 

ln-band:  0,5  f.  « f.  J M. 

0 0 0 

out-of-band:  0.1  f„  s f <0.5  f : > f < t 4 10  f. 

0 0 0 0 0 0 

Trsnsalttar  Moisa  (TM)  Taras 

Af  (94)  » tha  aaan  frequency  sapsrstlon  (MHa)  fro*  fQ  (tha  tunad  frequency)  at  which  tha  noise  power 
spectral  density  (Ity)  is  94  dBkT^ 

^fra(84)  » as  above;  »T  • 64  dBkTo 

dBkTo  " d*cib*1*  relative  to  kT0,  where  k la  Boltaaann's  constant;  T is  a88*K,  For  example, 

94  <lBkT0  - - SO  dBa/kHs;  64  dBkTo  - - 80  dBa/kHa. 

(Mote:  To  determine  these  aaan  frequency  separations,  ±Af  values  are  averaged  to  calculate  a aean 

value.) 

Transmitter  Intenaodulatlon  (Tin)  Taras 

PTI1(  * the  average  level  (dBm)  of  tha  two-atgnal,  third-order  TIM  product  measured  when 
41/(q  ■ 0.08  and  Pj  » - 10  dBa. 

Becalver  Spurious  Response  (SR)  Taras 

PSR  “ th*  *v*r*«®  v*lu®  of  input  power  (dBa)  required  to  produce  a standard  response 
at  a frequency  outside  a specified  frequency  range  close  to  fQ 

Standard  raaponae  - an  output  ratio  (S  + I + N)/(I  + Ml  - 10  dB  measured  with  a distortion  analyser 

nsr  “ the  average  number  of  significant  spurious  responses  in  a specified  band. 

Receiver  Adjacent  Signal  Interaction  (AS)  Terms 

A*Ag(10)  = the  average  frequency  separation  at  which  a standard  response  is  achieved  when  P.  » - 10  dBm, 
PD  - RS  + 10 

AfAS(90)  » as  above,  except  that  Pj,  = Rg  + 80 

Rs  “ receiver  sensitivity;  the  value  of  input  power,  suitably  nodulated,  that  results  in  a 
standard  response. 

Receiver  Intermodulation  (RIM)  Taras 

6fRIM  » the  average  frequency  separation  required  if  Pj  - - 10  dBm  (for  both  interfering  signal 
levels),  to  produce  a two-signal,  third-order  product  equal  to  the  standard  response. 
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Fig.  1 Process  of  developing  an  EMC  figure  of  merit 


Parameter 
EMC  FOM 
Scores 


Equipment 
EMC  FOM 
Scores 


System 
EMC  FOM 
Scores 


Fig.  2 Building-block  approach  for  obtaining  EMC  FOM  scores 


DISCUSSION 


F.  D.  GREEN:  Did  your  committee  try  this  FOM  in  the  real  world? 

G.  HAGN:  If  one  talks  about  computer  models,  yes — otherwise,  no,  although  the  members 

had  some  ideas  of  what  systems  were  good  or  bad  and  these  seemed  to  check  out. 

F.  D.  GREEN:  I would  assume,  then,  that  another  ad  hoc  committee  would,  during  some 

forthcoming  military  exercise,  test  this  FOM. 

G.  HAGN:  Agree  that  this  should  be  done,  but  it  would  require  funds  and  effort  to 

do  so. 

E.  M.  FROST:  The  way  in  which  an  equipment's  performance  changes  with  time  is  of  great 

interest  to  maintainers.  Has  FOM  been  used  to  look  at  this  problem? 

G.  HAGN:  The  FOM  can  be  computed  for  new  equipment  or  for  equipment  or  systems  in 

service  which  have  been  briefly  taken  out  of  operational  use  and  sent  to  a laboratory 
for  the  required  measurements.  It  would  be  interesting  to  check  the  change  in  FOM 
through  the  life  cycle  of  an  equipment  from  an  FOM  computed  during  the  design  stage  to 
a measured  FOM  after  some  reasonable  period  in  service. 

R.  J.  MORROW:  As  you  have  stated,  you  still  have  to  calibrate  the  EMC  FOM  method. 

Isn’t  this  the  same  process  as  initially  forming  the  method,  with  the  exception  that 
you  have  a given  set  of  parameters?  Would  it  have  been  more  pertinent  to  have  devised 
the  method  from  realistic  test  scenarios  using  postulated  parameters  to  produce  a 
validated  EMC  FOM  predictor? 

G.  HAGN : The  committee  discussed  the  possibility  of  computing  the  probability  of  same 

level  of  interference  for  specific  scenarios  using  a simulation  such  as  the  Cosite 
Analysis  Model  (COSAM)  and  rejected  this  "self-calibrating"  approach  for  several 
reasons:  1)  A detailed  specification  of  the  environment  is  required  to  do  the  ccm- 

putatioi  properly,  and  such  information  is  generally  not  available.  2)  It  would  be 
necessary  to  run  the  analysis  model  many  times  for  different  possible  environments 
and  average  the  results.  3)  This  approach  would  be  time  consuming  and  the  results 
might  be  difficult  to  interpret. 

For  these  reasons,  the  committee  chose  the  simpler  channel-denial  approach  to 
produce  a scale  of  EMC  quality  which  users  of  the  FOM  can  relate  to  their  own  EMC 
requirements  through  feedback  of  information  on  operational  EMC  performance  as  it. 
correlates  to  the  FOM  for  a given  equipment  and  through  the  use  of  their  own  simulations. 
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SUMMARY 


This  pa  par  outlines  common  sources  of  uleotromagne'.io  compatibility  problems  and 
disousaee  the  difftoultiee  confronting  engine  ere  who  are  reaponslble  for  producing  euooeesful 
aircraft  weapon  systems.  It  etarte  with  the  definition  of  EMC  and  then  oonaidara  BMC  within 
the  o cot  ext  of  an  aircraft  weapon  system.  It  erguea  that  EMC  pro  bl  one  can  be  minimised  by 
(a)  defining  clearly  the  requirements  of  the  weapon  system  (b)  translating  this  requirement 
into  an  overall  system  apeoifioation  (o)  defining  aub  ayatan  and  installation  a paoi  float  lone 
(d)  writing  an  EMC  control  plan  and  (a)  producing  a detailed  teat  plan. 

To  achieve  SIC  a a ingle  reaponslble  authority  la  deairable  and  thla  ahould  extend  to 
oover,  as  far  aa  possible,  all  aapaeta  of  elaotronlo  Installations  in  airoraft.  Only  then 
oan  information  arising  from  measure  me  nt  programmes  and  fra*  curative  action  be  collated  in 
auoh  a way  aa  to  prod uoe  an  effective  oode  of  praotloe.  Information  oan  then  be  disseminated 
which  will  lead  ultimately  to  a better  general  understanding  of  the  problems  end  thence  to 
better  standards  of  specification,  design,  implementation  and  tasting. 

1.  INTRODUCTION 

The  purpose  of  the  paper  is  to  preaent  a brood  introduction  to  the  nubjeot  of  deotro- 
magnctlo  compatibility  in  airoraft  and  a general  appraisal  of  engineering  techniques  end 
organisational  methods  which  can  contribute  to  the  reduction  of  EMC  problems. 

It  la  useful  to  oommenoe  with  a practical  definition  of  airoraft  BMC.  It  may  be  stated 
that  eleotromagnetio  compatibility  ie  the  ability  of  each  sub-ayate*  to  function  oorreotly  in 
tbs  preasnoa  and  functioning  of  all  other  sub- systems  within  the  oonfines  and  environment  of 
the  aircraft  wherever  auoh  simultaneous  functioning  ia  naoasaary. 

It  la  proposed  for  convenience  to  divide  the  total  teak  into  two  aspects,  namely,  the 
airoraft  avionics  and  weapon  system  per  as,  and  the  totality  of  the  environment  in  which  the 
aircraft  must  operate  in  order  that  lta  mission  will  be  fulfilled.  In  the  present  paper 
only  the  former  aspect  will  ba  treated  on  the  grounds  that  many  of  the  techniques  of 
installation  design,  Installation  praotloe  or  task  management  efficacious  for  dealing  with  this 
aapeot  can  be  extended  and  modified  to  oover  the  environmental  aspect  aa  found  neoessary. 

There  la  little  need  to  evolve  new  techniques. 

Electronic  systems  fitted  into  military  airoraft  have  continuously  lnoreaaad  in  number  and 
complexity,  in  faot.  It  ia  pi  liable  that  the  only  limitation  to  this  increase  is  the  volume  end 
weight  that  oen  be  made  available  within  the  aircraft.  As  the  paoking  density  of  eleotronio 
components  1 Harasses,  systems  become  more  numerous  end  complex.  Problems  end  difficulties 
which  ws  now  faos  oen  only  be  expected  to  get  worse;  thus,  it  is  not  enough  to  remedy  the 
present  situation,  means  must  be  found  to  enable  us  to  look  into  the  future  of  airoraft 
eleotronio  installation  with  greater  oonfidenoe. 

2.  AIRCRAFT  RIC  PROBLEMS 

The  SMC  problems  encountered  in  military  airoraft  oan  vary  from  interference  on  the 
communications  system  as  where  a member  of  the  craw  of  a large  aircraft  leans  forward 
and  brings  his  boon  uiorophons  into  the  magnetic  field  of  the  windscreen  wipers,  to  the  oess 
where  an  HF  transmit  ter  would  upset  the  aircraft  autopilot  and  instnnents  to  auoh  an  extent  as 
to  make  the  airoraft  unsafi  to  fly. 

Many  of  the  major  problems  oonoem  HF  transmitters  which  oen  induos  signals  Into  airoraft 
wiring.  This  problem  bsoomes  mors  scute  when  the  method  of  wet  bonding  airoraft  panels  is 
used  to  prevent  corrosion,  a technique  which  may  introduce  doubtful  and  variable  eieotrloal 
continuity  across  the  skin  of  the  aircraft.  Similarly  the  lnoreaaed  use  of  fibre-glass 
particularly  on  helicopters  removes  the  screening  that  ones  existed  between  the  radiated 
•igK«l  and  any  airoraft  wiring.  The  result  is  that  the  EM  field  inside  the  aircraft  can  be 
mush  greater  than  that  quoted  in  B«C  specifications  against  which  electronic  equipment  is 
tested. 
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Situation*  hart  detected  where  tons  of  the  radiated  signal  frow  an  RT  trana- 
aittsr  was  pi  ok  ad  up  by  tha  amplifier*  of  tha  control  surface  aanaora  of  an  autopilot 
ayatan  and  oould  oauaa  frls*  operation.  Thi»  indloatoa  tha  aorlouanaaa  of  tha  problem. 

Another  oobhd  potential  defeat  la  where  HF  oan  gat  into  the  oownwiloationa  ayaten 
and  cause  distortion  cr  non-intelligibility  of  tha  a pea  oh. 

Again  HF  oan  be  picked  up  on  control  cables  and  oauaa  tha  spurious  operation  of 
equipment  such  aa  ILS,  tha  lighting  of  warning  lights  or  tho  inoorraot  reading  of  flight 
instruments.  Hamonio*  of  tho  tram  wit  ter  frequency  get  into  YHT  and  DHT  receiver*  so 
naklng  a ntabar  of  thoir  ohannola  unusable. 

An  aaaoolatod  pro  hi  an  ia  tho  siting  of  aerials*  Unless  thee*  are  cars  fully  chosen 
with  relation  to  each  other,  aa  wall  aa  for  optima  radiation  at  tha  operating  frequency, 
there  will  be  little  isolation  bats  can  aerials.  The  significance  of  this  ia  extremely 
difficult  to  lateral  ns  in  actual  aircraft  installations  because  the  terminating 
lapedanoea  are  rarely  known  at  tha  interfering  frequencies.  To  determine  those  values 
under  all  oondltloue  would  add  oonaiderably  to  tho  ore  rail  sir  craft  tasting  coats. 
Nevertheless,  strong  coupling  oan  oauaa  blocking  or  at  loaat  desensit Italian  of  a 
reoelvor  and  nay  also  have  a dramatic  offset  on  tho  polar  dlagraa  of  tho  aerial  so  that 
oowaunioatione  range  In  a particular  direction  is  reduced, 

A further  problen  esc  arise  in  aircraft  which  use  titanium  far  thoir  construction. 

The  material  has  a auoh  lower  conductivity  than  altninlue  ao  where  titaniun  has  to  bo 
used  in  tho  vicinity  of  a notch  aerial  tha  loaaaa  will  increase  and  tha  radiation 
efficiency  of  tho  aerial  will  deteriorate. 

Sena  radar  designs  have  introduced  trouble  by  producing  interference  in  tha  VHF  band. 
It  has  been  known  for  thaw  to  be  tha  oauaa  of  an  HP  Aerial  Tuning  Unit  (ATT)),  whan  it  la 
in  a strong  radar  bean,  to  retune  to  tho  wrong  frequency  without  auy  indication  on  its 
control  unit  that  this  haa  happened. 

Aircraft  power  supplies  are  derived  free  generators  whioh  besides  producing  power 
at  the  fundamental  frequency  inherently  produce  sane  at  tha  harmonic  frequencies  and  this 
ia  fed  round  the  "ire  raft  on  supply  lines.  This  pro  blew  la  wall  known  by  generator  and 
equipment  manufacturer*  so  providing  tha  relevant  specifications  arc  net  there  is  seldom 
any  major  < iffioulty  encountered. 

Pulses  with  fret  edges  carried  on  cables  oan  os  use  embarrassment;  for  eraaplj, 
feeding  a 2 We  square  save  between  a radio  and  ita  controller.  The  sharpness  of  edge 
oan  result  in  interference  at  each  evjn  HHs  throughout  the  HP,  VHP  and  UHP  bends,  much 
in  excess  of  specification  levels.  The  use  of  double  aorcened  co-ax  or  balanced,  twin 
eo-aar  oeble  way  not  bo  sufficient  to  ilieinaie  the  problea.  It  way  take  a consider- 
able tine  to  detecwlne  the  solution. 

One  can  find  • s ye  tea  operating  incorrectly  in  an  aircraft  although  the  equipment 
Itself  passed  its  KIC  teats.  In  such  a case  a painstaking  and  ooatly  process  net 
follow  in  the  oouree  of  whioh  the  equipment  end  installation  are  modified  to  enable  tho 
equipment  to  operate  in  ita  enriroraent. 


3.  DITFICULTIES  CONFRONTING  BWINKBS 


The  difficulty  in  producing  a good  SMC  iritallatior.  will  broadly  depend  upon  tho 
electronic  complexity  par  unit  volume  of  the  aircraft  although  this  is  difficult  to 
quantise.  A Hat  by  general  types  of  aircraft  in  order  of  increasing  difficulty  la 
shewn  below. 


Transport  aircraft 
Other  large  aircraft 
Helicopters 
Strike  aircraft 


If  the  avionio  equipment  is  developed  in  the  sane  t ime  fraue  as  the  aircraft  the 
equipment  oennot  bo  eheoked  in  the  alrfraae  during  the  aircraft  development.  Develop- 
ment models  of  the  equipment,  if  available,  oould  help  but  are  rarely  fully 
representative  of  tho  production  equipments,  which  is  afterwards  used  as  tn  excuse  for 
aqy  short  fall  in  performance. 


The  oheoking  of  an  installation  for  SK  is  a tine  oczsusing  negative  process  and  to 
is  competing  with  other  testing  that  is  required.  Unless  the  system  performance  speci- 
fication is  well  written  there  aay  be  little  to  Justify  the  aircraft  contractor  spending 
sufficient  time  on  checking  NIC.  nils  can  be  very  significant  with  a fixed  prije 
development  if  adequate  consideration  of  SMC  ia  not  ensured  in  the  tendering  stage  by  a 
good  dear  a peoifioation.  Thus  in  tone  0010*1  it  aay  not  be  until  tha  fir  craft  clearance 
trials  that  the  problems  show  up,  and  even  then  the  lnooapletenesa  of  the  electronics 
fits  nay  militate  agsinot  the  delivery  of  Incompatibilities. 
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During  the  tirsnft  elaaranoe  trial*  to*  laotollotion  may  act  be  ooaplet#  beeauo*  tea* 
devclop—t  equipment  will  not  V*  available.  than  ttaa  equipment  needs  to  bar*  a separate 
evaluation  trial,  by  which  time  toe  alreraft  may  bo  is  production  ao  that  it  will  bo  suck 
•ora  difficult  to  lntroduoo  any  neoeesaxy  modifioatioaa  to  tho  inatallation.  further 
problee*  axiat  whan  a bow  equipment  io  required  to  operate  in  an  iD-sarvioe  aircraft . la 
toil  oas*  tho  inotallatioa  ha*  to  ba  aodifiad  to  fit  the  now  equipment  and  thio  will 
ba  a ant  for  trial*.  If  tho  axiotiiy  iaotallation  in  too  aircraft  hao  not  boon  tooted 
to  as  DC  opacification  or  at  boot  to  a lower  atandard  thio  will  inoraaa*  the  likelihood  of 
dlffleultlao. 

V.  MBTHDDS  or  ncnflBAL  nWPTHU 

There  appear*  to  ba  little  point  ia  listening  the  equipment  DC  a pacification  in  tho 
Wop*  of  owereoadnf  BMC  probloao  because  the  change*  la  level*  required  would  bo  ao  groat 
aa  to  prevent  an  equipment  being  produoad  at  an  acceptable  coat,  but  equally,  it  ia  vital 
that  all  equipment  dee  • Beat  the  requlreaenta  of  a aultable  BMC  specification.  Improve- 
ments auet  net  free  an  integrated  approaoh  to  alreraft  weapon  lyeteaa  In  which  each 
installation  is  apeeified  a*  a subsystem,  taatad  and  proved  aa  auto  before  being  intro- 
duced into  the  alreraft,  and  by  the  application  of  good  engineering  practice  during  the 
design  and  Manufacture  of  the  aircraft  and  installation. 

xvarngnetic  interferonoa  (BMl)  ia  oeusad  aainly  by 

(a)  Badiation  trm  aerial  to  wiring  or  equipment 

(b)  Reception  by  aerial  of  interference  fro*  wiring  or  equipment 

(e)  Coupling  between  aerials 

(d)  Coupling  between  oablee 

(e)  Coupling  due  to  oommon  earth  lnpedar.ee 

(f)  Coupling  due  to  earth  loops 

(g)  Conduction  along  po/er  supply  lime. 

The  interference  caused  by  these  mechanises  oan  be  reduced  in  general  to  an  aooeptable 
level  by  the  following  simple  procedure*. 

(a)  By  ensuring  electrical  bonding  of  alroreft  panels  end  earth  lead*  ia  satisfactory. 
By  o hacking  that  paint,  anti  corrosion  dural ac,  anodising  or  corrosion  do  not  provent 
good  electrical  connection.  Tba  bonding  of  panels  is  particularly  important  in  the 
vioinity  of  an  HF  aerial,  where  large  circulating  currents  auet  flew  in  the  alreraft 
akin  to  provide  an  effective  oonmurication  aadia,  otherwise  high  levels  of  hanaontoe 
and  intarnodulatlan  frequencies  will  be  produoad  by  May  non-linecritice. 

(b)  By  ensuring  screening  of  cablet  ia  satisfactory  at  all  irradiating  frequencies 
and  that  plugs  and  socket  are  effective.  Where  there  is  fibreglaa*  or  open  work 
construction  of  the  airframe  additional  screening  Bust  be  provided  between  an  aerial 
and  any  eablea  or  equipment,  bearing  in  Bind  that  significant  aaounti  of  power  are 
diffraoted  over  edgss  eto.  The  chief  offender  here  of  eouree  la  the  HF  radiator 
which  way  wall  be  a sizeable  portion  of  the  alrfraoe,  but  siailar  precautions  aay 

s emetines  be  necessary  for  higher  frequency  aerials  especially  at  VHP  and  DOT, 

(o)  Bv  Baking  the  distance  between  an  HF  aerial  turning  unit  (AIU)  and  its  radiator 
an  absolute  minimus  and  by  screening  the  lead  between  the  two.  This  screening  will 
generally  need  to  be  in  the  forw  of  a larp  diameter  high  eonduotlvlty  tube  because 
even  saall  stray  capacity  to  the  feeder  lead  can  prevent  certain  tuner*  from 
functioning  cor root ly. 

(d)  By  keeping  signal  and  oontrol  circuits  relatively  low  impedance  to  minlsiee  the 
effect  of  eapaeltlve  coupling  of  interference  from  other  oircuite.  Tory  lew 
impedance  oiroults,  however,  would  require  relatively  high  signal  currents  and  these 
could  then  couple  inductively. 

(e)  By  using  screened  halaueed  and  Batched  twisted  pair  oable  (duradlo)  to  oarry  the 
the  Information  along  any  exceptionally  sensitive  signal  or  oontrol  oircuite. 

(f)  By  separating  ausaeptably  signal  linas  from  transmitter  feeder  oablaa,  p war 
lines  end  other  possible  scurcoe  of  interference  which  may  include  other  signal 
and  oontrol  lines. 

(0  By  keeping  the  bandwidth  of  siyoal  oircuite  to  the  minimum  necessary  to  their 
function  ag  an  audio  amplifier  should  not  respond  to  HF  frequencies  Just  because  toe 
transistors  or  integrated  olroults  haws  inherent  gain  at  these  frequencies.  Pulse 
streams  to  and  fren  digital  equipment  should  have  pulses  shaped  to  minimise  the 
harmonic  power  oontent  and  thus  the  radiation  of  hi£i  frequency  interference. 


(h)  By  avoiding  ground  loop*  to  pro  rant  Inductive  coupling.  Whore  * aorooMd  oable 
oarmot  bo  run  against  as  grounded  natal  struotws  it  any  bo  necessary  to  brook  the 
strewn  at  a oat  point  ae  this  dooa  not  fm  a loop  with  tbo  grounded  atrueturo  of  tho 
airoraft. 

(ft)  By  trooping  ground  loada  aa  abort  and  aa  atraigbt  aa  poaaiblo  and  also  wido  to 
nininiat  thsir  lnduotane*.  if  taking  oara  to  ovoid  roaonant  lengths. 

( J)  By  providing  a separate  ground  wherover  possible  oapoelally  for  lonaitiTO  signal 
linos  to  avoid  tho  eoupling  which  aria  as  fro*  tho  e oonon  impedance  introduced  by 
cocoon  ground  retuma.  By  taking  oare  to  prevent  these  separata  ground  linos  ikon 
ooodng  into  contact  with  other  ground  paths  such  aa  the  airfbeao,  duo  to  wear  and 
toar. 

5 heed  res  cchtrol 

Good  SMC  will  only  bo  obtained  with  good  toehnleal  control  of  tho  dooign  and 
implementation  of  electrode  inatallationa  and  this  oan  only  bo  achieved  if  the  require- 
ments of  the  weapon  system  ore  dearly  defined  and  interpreted.  There  are  a number  of 
wall  known  and  fiequantly  stated  stops  dioh  ore  essential  and  1 Delude: 

(a)  A dear  statement  of  what  tho  airoraft  weapon  system  is  required  to  accomplish 
at  all  phases  of  ths  operation.  The  operational  requirement  must  be  quite  deer 
about  the  operational  performance  required  of  eaoh  sub- system  of  the  overall  weapon 
system.  It  is  little  help  to  define  equipments  carried  without  dearly  stating 
the  performance  required.  It  should  bo  possible  to  deduce  which  cuh-aystem  will 
never  have  to  operate  at  the  same  time  as  others  as  this  may  enable  t> •»  coat  of 
achieving  BMC  to  be  slgnifieantly  reduced. 

(b)  This  operational  requirement  has  to  be  translated  Into  an  overall  weapon 
system  specification.  At  this  stage  tho  operational  performance  requirements  are 
translated  into  eleotrlod  performance  requirements.  Ths  siting  of  eorlds  has 
to  be  arranged  to  ensure  that  tho  radiation  oharaeteristioa  are  adequate  with  the 
minimum  of  mutual  coupling  between  eaoh  in  spite  of  the  severe  limitation  Imposed 
by  mechanioal  and  aerodynamic  requirements. 

(c)  Detailed  sub-system  specifications  are  written  whioh  lead  to  detailed  equip- 
ment, installation,  and  testing  specifications  to  enable  the  equipment  and  its 
lnstdlation  to  be  wdl  designed  and  constructed.  The  apeoifioation  for  eaoh 
sub-system  and  equipment  ia  written  so  ae  to  obtain  the  performance  required  of 
the  weapon  system.  These  specifications  will  call  for  BMC  teats  on  eaoh  equipment. 
If  equipment*  were  defined  in  the  operational  requirement  it  will  become  dear 
whether  the  equipment  quoted  is  capable  of  meeting  the  performance  required. 

(d)  An  BMC  control  plan  ia  written  to  ensure  that  EMC  requirements  are  considered 
throughout  the  development.  It  defines  areas  of  responsibility,  specifications 
and  levels  of  test,  and  ths  engineering  design  procedures  to  achieve  K.  It  may 
require  tbs  manufacture  of  a nook-up  of  the^ avionics  installation  to  allow  EMC 
teats  to  be  made  during  the  development  and  so  help  to  give  an  early  warning  of 
arpy  lack  of  BMC. 

(o)  A detailed  plan  is  required  to  ensure  that  oorreot  functioning  of  eaoh 
sub-system  is  achieved  in  all  circumstances.  Ths  BMC  test  plan  will  define 
tests  tu  b’  performed  with  each  sub-system,  within  the  complete  airoraft  waapjon 
system,  to  ensure  that  the  sub-system  works  satisfactorily,  doss  not  interfere  with 
any  others  and  is  not  interfered  with  under  any  operational  condition. 

6 single  AimwRirr 

EK  oan  be  controlled  individually  for  eaoh  airoraft  development  or  be  the 
responsibility  of  a specialist  authority.  This  latter  system  has  merits  for  the  follow- 
ing reasons. 

- (a)  It  oan  provide  a fooal  point  to  establish  common  approaches  to  the  education 
of  contractors  and  others  in  BMC,  oemmon  approaches  to  research  and  provide  stimulus 
to  tlie  specialist  to  reduce  interference  to  other  peoples  equipment.  If  ths  only 
focal  points  are  specific  to  aircraft  there  is  a natural  tendency  to  treat  airoraft 
projects  discretely  so  that  a given  projeot  may  not  benefit  from  lessons  lsamt  in 
seeking  BMC  in  other  projects. 

(b)  It  has  to  be  determined  who  should  provide  solutions  to  BMI  problems:  thoso 

responsible  for  ths  interfering  equipment  or  thoso  for  ths  auseeptible  equipment? 
Where  airoraft  constructors  have  this  responsibility,  they  may  require  expert 
assistance  to  doal  with  ths  wide  range  oi  problems  whioh  oen  arise  so  as  to  ensure 
the  most  cost  effective  solution  is  found. 


17- 


(a)  Zt  allows  doetMutatlon  of  information  on  EMC  ahort-eonlnci  and  troubles  la 
asrvioa.  Battar  dooxmantatloo  will  mkm  it  aaalar  to  daolda  hoa  such  total  affort 
la  JuatifLad  la  taoklin*  work  prograMaa  and  what  thaaa  nhould  bo. 

A single  authority  ooaeantrataa  available  knowledge  and  axparianoa  ao  that  proven 
adrloa  oaa  ba  given  aad  ao  that  a uni  fora  and  eoat  effOotive  approach  oas  ba  aada 
to  BIX  fbr  aqr  waapon  ayatea. 

? CONCLUSION 

Many  EMC  pgroblaaa  ariaa  froa  tha  lack  of  olaar  apaolfloationa  for  alaatronio 
installation,  which  diaeourage  tha  aircraft  contractor  froa  investigating  tha  foil 
iapli  oat  Iona  cf  tha  Assign  and  iaplaaantatlon  problems  which  will  ariaa.  This  laada  to 
an  undar  estimate  of  tha  affOrt  raquirad  to  design,  conatruet  aad  taat  tha  inotallatloa 
ao  that  an  inadaquata  aatiaata  of  tha  ooat  involved  in  both  tlaa  aad  aonay  follows. 

Only  by  atating  tha  raquiraaant  in  tha  aoat  praoiaa  taraa  will  this  ba  overcoat.  Where 
existing  ayataaa  of  SMC  control  ara  inadaquata,  this  praeiaion  will  result  in  an  lnoraaaa 
in  the  Initial  ooat  of  new  aircraft  waapon  ayataaa.  this  lnoraaaa  should,  howavor  ba  aore 
than  offset  by  tha  reduction  in  nuabor  aad  ooat  of  aubaaquant  nodifloatione,  an  earlier 
data  into  aarvioa  and  laprovad  operational  perfecaanee  of  tha  aircraft  weapon  systaa. 
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DISCUSSION 

6.  H.  HAGN:  What  impact  on  EMC  in  aircraft  will  the  introduction  of  fiber  optics 

cause,  and  is  this  being  considered  in  the  UK? 

P.  W.  SMITH:  Reference  to  fibre  optic  transmission  is  being  worked  on  experimentally 

in  the  UX.  Computer-to-computer  links  working  up  to  5M/bands  over  75  metres  have  been 
constructed  and  work  now  proceeds  to  make  operational  fibre  optic  systems  using  multi- 
fibre, multimode  systems.  Perhaps  later  we  shall  be  going  towards  using  integrated 
optics  and  single  fibre  techniques. 
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SUMMARY 

The  spectrum  and  level  of  radio-interference  have  been  measured  for  years  and  unwanted 
emissions  reduced  retrospectively.  This  remedial  approach  is  now  recognised  as  inefficient  but  the 
concept  of  electromagnetic  compatibility  as  a design  parameter  still  requires  emphasising. 

Electrical  and  mechanical  system  and  equipment  engineers  are  relatively  inexperienced  in 
E.M.C.  measures  and  control  plans  advise  and  assist  in  this  discipline. 

The  devices,  circuits,  components  and  constructional  details  which  can  contribute  to  the 
creation,  conduction  and  emission  of  unwanted  signals  are  indicated  and  means  whereby  their  effects 
can  be  minimised  are  examined.  The  problems  arising  in  creating  and  implementing  a control  plan  for 
the  development  of  a typical  piece  of  electrical  equipment  are  outlined  and  the  difficulties  experienced 
in  balancing  operational,  theoretical,  practical  and  contractual  requirements  are  high-lighted. 

INTRODUCTION 


The  concepts  on  which  systems  and  equipment  design  are  based  depend  not  only  on  the 
operatiohal  requirements  including  the  electromagnetic  environment  but  also  on  the  susceptibility  of 
other  adjacent  equipment.  It  is  thus  necessary  to  live  and  let  live  under  operational  conditions  and  the 
limits  of  each  specification  must  be  tailored  to  the  individual  conditions  if  this  aim  is  to  be  achieved 
without  undue  size,  weight  and  cost  penalties. 

The  creation  of  an  effective  control  plan  thus  involves  early  and  close  consultation  between 
designer  and  E.M.C.  engineer  if  optimum  performance  is  to  be  achieved  with  a minimum  of  subsequent 
changes  and  this  involves  the  following  logical  ateps:- 

(1)  Examination  of  the  operational  requirements  of  the  equipment  and  decision  on  how  they  can 
best  be  met. 

(2)  Breakdown  into  classes  the  functions  which  must  be  performed  within  the  equipment  and  the 
circuits  needed  to  carry  them  out. 

(3)  Select  the  circuits  either  least  likely  to  create  conducted  or  radiated  noise  or  those  most 
simply  suppressed. 

(4)  Identify  noisy  components  or  leads  and  estimate  the  amplitude,  waveform  and  frequencies 
involved. 

(5)  Recommend  protective  measures  to  isolate  emitting  sources,  to  prevent  the  transmission  of 
spurious  conducted  or  radiated  signals  and  to  eliminate  earthing  problems.  Protective 
measures  must  not  affect  operational  performance. 

OPERATIONAL  REQUIREMENTS 


All  equipment  is  required  to  perform  a specific  operational  role  which  may  be  electrical, 
electromechanical,  or  mechanical  and  usually  this  role  can  be  performed  in  a variety  of  ways.  It  is  the 
function  of  the  equipment  design  team  and  the  E.M.C.  engineers,  to  collaborate  to  achieve  the  desired 
end  product  in  the  simplest,  most  efficient  and  economical  manner.  Initial  detailed  design  then  proceeds 
on  the  agreed  compromise  between  equipment  performance  and  E.  M. C .requirements  and  at  the  same 
time  any  justifiable  deviations  from  the  jpecification  are  negotiated  with  the  procurement  agency. 

CONTROL  PLAN  CONTENTS 

The  control  plan  will  generally  include  the  following  aspects:- 

(1)  Management  Controls. 

(2)  Frequency  Selection. 

(3)  Mechanical  Design. 

(4)  Electrical  Design. 

(5)  Wiring  Layout. 


CONTROL  PLAN  CONTENTS  (continued) 


Management  Controla  ia  the  subject  of  a separate  paper  and  is  not  discussed  here. 

Frequency  Selection  is  of  primary  importance  in  communications,  telemetry  and  data  logging 
but  in  the  low  frequency  electrical  and  electronic  equipment  field,  it  is  less  important  since  it  is 
confined  to  oscillator  frequencies,  pulse  rise  times  and  harmonics. 

Mechanical  Design 

Mechanical  design  not  only  caters  for  the  ptysical  support  of  components  and  wiring  but  also 
provides  inherent  attenuation  to  electromagnetic  radiation.  Radiating  fields  must  he  contained  or 
excluded  from  equipment  boxes  which  must  be  of  suitable  materials  of  adequate  thickness. 

The  fields  maybe  magnetic  (low  impedance),  electric  (high  impedance),  plane  wave 
(characteristic  impedance  of  37?  ohms)  and  to  achieve.high  shielding  effectiveness  it  may  be  necessary 
to  use  composite  materials  and  nesting  technique. 

Internal  field  coupling  can  be  reduced  by  providing  individual  screened  compartments,  e.g.  at 
oscillators,  transformers  and  chokes.  To  maintain  shielding  integrity,  all  lines  entering  or  leaving 
equipment  enclosures  should  be  effectivity  decoupled  by  suitable  filters  while  signal  and  control  lines 
may  have  to  be  twisted  and/or  screened.  Methods  of  calculating  shielding  effectiveness  and  shielding 
theory  are  described  in  Reference  l (SCHELKUNOFF  S.A.). 

Efficient  bonding  between  equipments  and  enclosures  is  essential  if  shielding  is  to  be  effective 
and  poor  engineering  techniques  and  practices  can  contribute  to  interference  and  degradation  of 
performance.  The  bonding  of  units  together  prevents  the  development  of  electrical  potentials  between 
the  individual  cases  so  that  they  approximate  electrically  to  a single  homogenous  structure.  All  control 
plans  should  recommend  the  following  practices: - 

(1)  Permanent  bonds  should  be  used  wherever  possible  particularly  where  shielding  integrity  is 
at  risk.  Welded  or  brazed  joints  are  preferred  as  soldered  bonds  need  to  be  mechanically  reinforced, 
while  clamped  joints  depend  entirely  upon  good  assembly  control  techniques. 

(2)  Bonds  should  be  broad,  thin,  as  short  as  possible  and  readily  accessible.  To  ensure  low 
impedance  at  radio  frequencies  a length  to  width  ratio  of  5 : 1 is  commonly  used.  In  addition  the  strap 
must  be  compatible  with  its  environment,  e.g.  vibration,  temperature  variation,  expansion  and 
contraction. 

(3)  Bonds  must  make  good  metal  to  metal  contact  over  the  surface  of  the  joint  which  must  be  clean 
and  free  from  low  conductivity  finishes.  Where  dissimilar  metals  have  to  be  used  select  materials 
having  an  electro-chemical  potential  difference  not  exceeding  0.25  volts.  In  all  cases  the  finished  joint 
should  have  a protective  coating  of  grease  or  polysulphate. 

(4)  Spring  fingered  contacts,  conducting  gaskets,  or  bond  straps  as  appropriate  must  be  introduced 
to  maintain  shielding  effectiveness  of  joints.  These  should  be  installed  where  there  is  a requirement  for 
removable  covers,  hinged  lids,  anti -vibration  mountings  and  other  situations  where  movement  can  occur. 

(5)  Ventilation  of  equipment  enclosures  is  frequently  required  and  it  is  essential  that  louvres,  ducts, 
and  holes  are  masked  by  metallic  gauze  or  similar  materials  to  prevent  leakage  of  radiated  fields. 

These  must  be  bonded  in  accordance  with  the  above  recommended  practicer 

(6)  A good  basic  ground  plane  and  ground  point  are  essential  to  the  interference  free  operation  of 
equipment.  The  former  should  be  as  near  to  zero  potential,  zero  impedance  as  can  be  achieved 
practically  and  the  physical  layout,  size  and  length  of  ground  connections  must  be  selected  to  give 
minimum  impedance.  The  plane  may  be  used  as  a reference  fur  signal  circuits  or  a means  of 
eliminating  unwanted  signals  and  ideally  should  absorb  all  signals  and  remain  stable.  If  a ground 
connection  is  improperly  made  circuit  operation  may  he  impaired  and  more  interference  introduced 
than  would  have  occurred  by  its  omission. 

Equipment  manufacturers  are  seldom  allowed  to  select  ground  points  or  ground  planes  and  can 
only  minimise  the  inductance  and  impedance  of  the  bond  straps  taking  account  of  local  resonant  circuits, 
akin  effects  and  coupling  factors. 

Electrical  Design 

Interference  may  be  inadvertant,  a consequential  by-product  of  a specific  circuit  function  or 
accessory  operation.  It  may  also  be  generated  spuriously  by  poor  circuit  design,  bad  wiring  techniques, 
low  quality  components  or  accessories  used  in  the  equipment  design.  The  most  prolific  generators  of 
interference  are  switches  of  either  mechanical  or  semi-conductor  types,  while  semi-conductors 
themselves  can  produce  spurious  Interference  in  many  circuit  applications.  Some  of  the  more  important 
sources  are  discussed  and  some  methods  of  interference  reduction  are  indicated. 


Electrical  DMigji  (continued) 


Wh«t«v«  possible  interference  ia  r a due  ad  to  tolarabla  lavala  at  aourca,  but  when  this  cannot 
ba  achieved  ehieldlng  aa  previously  deacrlbed  la  uaed  to  contain  the  Interference  aourca  and  the  Input 
and  output  llnea  are  filtered  to  attenuate  the  nolae. 

Mechanical  Switches 

Any  switch  normally  cannot  make  or  Interrupt  the  current  flowing  through  Its  contacts  without 
causing  a electromagnetic  disturbance,  that  la  there  cannot  be  a smooth  transition  between  the  "ON" 
state  and  the  "OFF"  state  and  vice-versa.  Upon  closing  a pair  of  switch  contacts  the  final  mating  at  the 
contact  surfaces  Is  preceded  by  a series  of  premature  closures,  or  bridging  of  the  contacts.  Similarly 
on  opening  the  final  parting  of  the  contacts  Is  prsceded  by  transient  premature  openings.  These  changes 
In  Impedance  generate  Interference  whose  characteristics  are  governed  by  local  circuits.  When 
separating  contacts  create  an  arc  this  may  self-osclUate  or  cause  associated  circuits  to  oscillate.  When 
a switch  breaks  a highly  Inductive  circuit,  high  voltages  are  generated  at  the  contacts  which  can  cause 
a spark  or  glow  discharge  both  of  which  generate  Interference. 

The  change  of  current  between  the  ON  and  OFF  conditions  produces  Interference  which  Is 
significant  at  low  frequencies  up  to  a 1.0  MHb.  approximately  thereafter  It  will  decrease  at  a rate  of 
40  dB/decade.  The  bridging  phenomena  has  a minimal  effect  at  low  frequencies  but  increases  with 
relative  significance  to  about  a 1,000  MHb.  where  it  can  be  as  severe  as  the  interference  produced  by 
sawteeth. 

The  interference  produced  by  sawteeth  extends  over  the  frequency  range  10  KHe.  -1,000  MHb. 
and  is  more  severe  than  that  generated  by  the  other  sources  having  a broad  peak  over  a frequency  range 
of  100  KHs.  to  about  5.0  MHb.  for  the  more  usual  circuit  parameters. 

The  reduction  of  interference  from  switches  and  the  associated  loads  may  be  achieved  by 
resistance  and  capacitor  combinations,  diodes  and/or  Zener  diodes.  The  disposition  of  the  components 
either  at  the  switch  contacts  or  at  the  load  is  determined  from  the  circuit  application,  apace  available, 
practical  considerations  and  the  economics  of  including  the  suppression  components.  In  severe  cases 
additional  suppression  is  achieved  by  adding  filter  networks  to  the  switch  circuitry. 

Transistors 

Interference  generated  by  transistor  circuits  is  either  noise  inherent  in  all  transistors  or 
spurious  signals  generated  by  the  operation  of  the  associated  circuits.  Transistor  noise  may  be  thermal 
or  recombination  agitation  in  the  base  region  or  diffusion  fluctuation  of  minority  carriers  after  crossing 
a junction.  These  effects  only  become  important  in  very  low  signal  applications  which  is  a specialised 
field. 


It  is  convenient  to  analyse  transistor  circuits  in  terms  of  either  small  or  large  signal  operation. 
In  small  signal  operation  it  ia  safe  to  assume  linear  operation  and  in  general  interference  is  tolerable 
in  most  electronic  circuitry.  Communication  equipment  is  more  susceptible  and  may  respond  to 
interference  causing  image,  spurious  and  harmonic  responses  and  can  .also  affect  I.F.  stages,  but  these 
effects  are  not  considered  in  this  paper.  Large  signal  operation  can  occur  in  communication  equipment 
and  can  cause  a transistor  to  be  driven  into  the  non-linear  region  producing  spurious  interference  such 
as  cross  modulation,  desensitization  and  blocking.  Recognition  of  the  possible  consequences  of  these 
spurious  res  ponses  should  be  noted  early  in  the  design  stage  and  remedial  action  introduced  into  the 
equipment  design. 

In  electrical  and  electronic  equipment  applications  transistors  are  used  in  the  large  signal 
switching  mode  to  obtain  high  efficiency  and  irrespective  of  whether  they  are  used  in  single  shot  or 
repetitive  circuits  high  levels  of  interference  are  generated.  This  may  be  narrowband,  broadband,  or 
a mixture  of  both  over  a defined  frequency  range.  The  essence  of  any  control  plan  lies  in  reconciling 
reduction  of  interference  without  loss  of  efficiency. 

Silicon  Controlled  Rectifiers  (S.C.R.) 

The  regenerative  turning  on  action  of  a S.C.R,  produces  a very  rapid  switching  which  may 
excite  associated  devices  or  supply  lines  by  shock  action  and  the  resulting  fast  rate  of  current  change 
can  cause  induced  voltages  to  appear.  Power  supply  lines  with  their  distributed  inductance  and 
capacitance  resonate  readily  at  frequencies  dependant  on  their  parameters  typically  between  250  KHz. 
and  5.0  MHz. 

There  are  two  basic  interference  reduction  procedures  one  where  an  r.f.  ground  is  not 
available, for  example, power  supplies  in  building  installations,  the  second  where  there  is  an  effective 
ground  available.  The  power  supplies  in  aircraft  and  military  vehicles  are  invariably  contained  in  a 
metal  case  which  can  be  considered  as  an  r.f.  ground. 


Silicon  Controlled  Rectifier*  (S.R.C. ) (continued) 


Where  en  r.f.  ground  U not  available  Figure  la.  t»  an  example  of  an  interference  reduction 
circuit  while  Figure  lb.  illustrate*  an  example  where  a r.f.  ground  i*  readily  available.  The  two 
example*  anumt  that  the  device  switching  speed  is  non-critical  and  both  methods  contain  and  localise 
the  initial  high  rate  of  current  rise  to  the  smallest  practicable  section  of  the  device  circuit.  The 
capacitor,  which  should  be  non-inductive,  provides  a return  path  for  the  high  frequency  component  of 
the  interference  circuit.  The  inductors  are  usually  required  to  exhibit  their  full  value  only  during  the 
initial  turn  on  and  their  physical  sine  can  thus  be  reduced  by  allowing  them  to  saturate.  Tut.  radiated 
interference  must  be  contained  by  electrostatic  screening  which  should  be  volumetrically  small  so 
that  the  high  rate  of  change  of  current  is  confined  to  the  immediate  surroundings  of  the  device. 


Semi-Conductor  Diodes 


Diodes  can  generate  broadband  interference  over  a considerable  frequency  range.  Generally 
a diode  cannot  switch  instantaneously  from  a conducting  to  a non-conducting  state.  When  a diode  passing 
forward  current  is  forced  into  a non-conducting  state  by  reverse  biasing  the  current  carriers  in  transit 
through  the  junction  are  trapped  in  the  semi -conductor  material  and  must  suddenly  attempt  to  reverse 
their  direction  of  flow.  The  resulting  surge  of  current  through  the  diode  and  associated  load  results  in 
the  generation  of  broadband  interference  whose  amplitude  and  frequency  spectrum  are  functions  of  the 
diodes  transient  characteristics  ani  the  load  parameters.  Diodes  must  be  carefully  selected  and  the 
following  rules  assist  in  choosing  a diode  for  a particular  application. 

(a)  The  operating  current  density  should  be  low  in  comparison  with  the  manufacturers  maximum 
current  rating. 

(b)  The  diode  should  be  selected  such  that  the  peak  working  and  peak  inverse  voltage  ratings  are 
never  exceeded. 

(c)  The  intensity  of  interference  from  diodes  is  a function  of  the  device  switching  rate,  the  faster 
the  rate,  the  higher  the  levels  of  interference,  hence  choose  the  slowest  switching  rate  commensurate 
with  the  application. 

When  diodes  have  to  be  suppressed  by  the  addition  of  filter  networks  these  must  be  fitted  as 
close  to  the  diodes  as  is  physically  practicable  to  give  maximum  effectiveness. 

Transformers 


Low  power  transformers  at  line  frequencies  can  often  be  susceptible  to  interference  voltages 
e.g.  when  induced  by  stray  magnetic  fields,  common  mode  signals,  or  machine  made  disturbance*. 

The  effects  of  external  magnetic  fields  can  be  reduced  by  screening  with  cans  constructed  from 
mumetal  and  when  this  gives  insufficient  attenuation  two  or  more  of  these  can  be  nested  together  with 
copper  interleaving  reducing  signals  by  over  100  dB. 

The  levels  of  pick  up  which  can  be  obtained  will  depend  upon  the  physical  orientation  of  the 
transformer  with  respect  to  the  interfering  magnetic  field.  The  positioning  of  transformer  and  chokes 
relative  to  each  other  and  other  components  in  any  assembly  must  thus  be  considered  to  obtain  minimum 
interaction. 

A Faraday  Shield  is  used  between  transformer  windings  to  give  a high  1<  »1  of  electrostatic 
isolation.  It  is  a grounded  area  of  metal  placed  between  the  field  and  the  winding  '.o  be  protected  and 
positioned  parallel  with  the  magnetic  field  and  must  not  form  a short  circuited  turn.  The  impedance 
of  the  shield  should  be  as  low  as  possible  so  that  it  approaches  a true  equipotential  surface. 

Suppression  Filters 

Suppression  filter  design  and  applications  are  very  fully  described  in  current  technical 
literature  but  there  are  some  aspects  which  merit  discussion.  The  manufacturers  of  proprietry 
filters  quote  "INSERTION  LOSS"  in  a 50  ohm  matched  system  and  not  an  attenuation  value.  The  actual 
impedance  is  seldom  50  ohms  or  matched,  consequently  attenuation  values  may  be  significantly  different 
from  the  expected  figure,  in  addition  they  may  not  damp  resonances  which  can  occur  between  the 
suppressor  and  its  load.  Designs  to  overcome  these  difficulties  are  described  in  Reference  2 
(JARVIS  M L.,  1972).  Consideration  must  be  given  to  voltage,  current  and  temperature  ratings  of  the 
filter  as  well  as  the  resistance  presented  to  the  circuit.  The  effect  of  filter  capacitance  to  ground  is  also 
significant  in  some  applications  and  can  influence  the  choice  of  filter  configuration. 

Oscillators 

Radio  frequency  oscillators  can  generate  harmonics  in  addition  to  the  natural  frequency  both 
of  which  can  cause  Interference.  This  type  of  oscillator  can  affect  analog  amplifiers  but  seldom  affects 
digital  equipment  providing  the  interfering  field  is  kept  within  2.0  volts  per  metre.  To  reduce  the 
interference  effects  of  r.f.  oscillators  the  following  can  be  introduced  into  a design:- 


Oscillators  (continued) 

(1)  Avoid  excessive  voltage  awing*. 

(2)  Keep  the  harmonic  content  low. 

(3)  Screen  all  oacillator  section*  and  keep  the  wiring  within  short  *o  a*  to  avoid  coupling  loop*. 

(4)  Filter  the  power  supply  to  the  oscillator  using  feedthrough  or  bulkhead  suppressors  which  have 
been  correctly  installed  into  the  screen. 

(5)  Screen  the  output  from  the  oscillator  or  judiciously  route  it  within  the  unit  container. 

Oscillators  of  the  switching  variety  particularly  in  the  power  sections  of  equipments  are  sources 
of  interference,  which  may  have  an  undesirable  influence  upon  digital  circuitry.  The  high  rate  of  change 
oi  current  associated  with  these  oscillators  produce  fields  which  in  general  exceed  the  levels  produced 
byr.f.  oscillators. 

The  effects  of  switching  oscillators  can  be  minimised  by  all  or  some  of  the  following  actions:- 

(1)  Keep  rates  of  change  of  voltage  and/or  current  to  a minimum  consistent  with  operational 
requirements. 

(2)  Screen  the  oscillator  section. 

(3)  Incorporate  filters  into  the  oscillator  screen  assembly. 

(4)  Avoid  large  coupling  loops  within  the  assembly. 

(5)  Where  possible  filter  oacillator  output,  where  this  is  not  nossible  twist  and  screen  output  leads. 

(6)  The  active  devices  contained  in  the  oscillator  should  have  switching  times  which  are  commensurate 
with  each  other. 

PREDICTING  LEVELS  OF  INTERFERENCE  AND  SUSCEPTIBILITY  THRESHOLDS 

It  is  desirable  to  predict  the  levels  of  interference  associated  with  pulses  of  differing  shapes 
and  thv  ethod  of  evaluating  pulse  interference  described  in  Reference  3 (REHXOPF  H.  L. , 1962)  has 
been  found  to  give  dependable  results.  The  method  enables  designers  to  determine  the  type  and  degree 
of  suppression  so  that  compliance  with  the  application  specification  can  be  achieved,  this  results  in  rapid 
and  simpler  design  because  filtering  and  shielding  can  be  kept  to  a minimum. 

If  the  prediction  forecasts  non-compliance  with  the  specification  or  indicates  unacceptable 
penalties,  tailoring  of  the  specified  limits  must  be  requested  from  the  procurement  agency.  The 
revised  limits  must  ensure  that  the  equipment  will  remain  compatible  with  the  E.M.C,  environment, 
installation  and  operational  requirements.  - 

Additionally,  procurement  agencies  often  ask  for  the  impossible  for  instance  fully  meeting  the 
requirements  of  RE,  01  of  specification  MIL-STD-461A  which  is  intended  for  underwater  vehicles  and 
normally  not  for  avionic  requirements . 

The  following  examples  show  the  implications  of  fully  meeting  the  requirements  of  RS.01  and 
RE.  01  of  MIL.-STD-461A.  They  are  modelled  on  a single  loop  turn  and  a frequency  range  restricted  to 
the  frequency  range  30  H*.  - 1 KHs.  The  details  ..re  given  in  Figure  2. 

The  susceptibility  loop  model  represents  an  electronic  circuit  operating  at  a current  of 
10  mAmpere  typical  of  many  circuits  which  may  operate  at  frequencies  above  0.5  MHs.  but  remain 
susceptible  to  low  frequency  signals.  The  levels  are  shown  in  Table  1(a)  and  the  results  indicate  that 
a shielding  enclosure  must  reduce  the  specified  level  by  46  dB.pT.  at  30  He.  for  the  circuit  to  be 
susceptibility  free,  the  takle  gives  the  thickness  and  weight  of  materials  for  an  enclosure  of  14  cm  side. 

The  radiating  loop  model  represents  a low  power  electric  circuit  operating  at  a current  of 
1.0  ampere  and  Table  1(b)  shows  the  levels  generated  by  the  loop  together  with  the  thickness  and  weight 
of  material  needed  to  provide  shielding.  The  weight  penalty  imposed  by  meeting  specification  fully  are 
clearly  indicated  for  an  enclosure  of  14  cm  side. 

It  is  usual  practice  to  shield  low  frequency  magnetic  fields  with  ferrous  materials  or  alloys,  but 
as  frequeucy  increases  the  choice  of  materials  is  less  restricted  and  non-ferrous  materials  can  be  used 
to  advantage.  Both  examples  underline  the  significance  of  attempting  to  comply  with  the  requirements 
below  400  Ha.  and  how  essential  it  is  to  define  problem  areas  early  in  a design  programme. 


The  broad  principle*  which  muet  be  followed  In  preparing  a control  plan  have  boon  deecrlbod 
above  but  the  critical  teet  of  *uch  procedure*  lie*  In  their  effectlveneea  during  the  deetgn  of  the 
equipment.  The  problem*  arlalng  In  the  deetgn  of  a jet  engine  Ignition  unit  and  their  eolutlon  t* 
examined  In  detail.  The  electrical  requirement*  are  given  In  Table  2.  Thte  unit  hae  been  choaen  atnce 
It  combine*  the  effect*  of  electronic  switching,  magnetic  coupling*  and  heavy  dtecharge  current  wtthtn 
one  envelope  who**  physical  dimension*  and  weight  war*  based  on  prevtou*  uneuppreeeed  deetgn*.  thu* 
severely  restricting  both  electrical  and  E.M.C.  design.  The  circuit  diagram  l*  shown  In  Figure  3.  The 
unit  consists  of  two  channels  a 6 Joule  channel  for  engine  starting  energised  from  28  volts  d.  c.  and  a 
3 joule  channel  for  continuous  Ignition  supplied  from  115  volte,  400  He.  The  d.c.  channel  conatete  of  a 
blocking  oscillator  which  charge*  the  capacitor  C6  and  simultaneously  C5  Is  permitted  to  charge  through 
diodes  DIO  and  Dll,  loss  of  energy  Into  the  a.c.  charging  circuit  being  prevented  by  the  bridge  connected 
diode*  D6  to  D9.  Figure  10(a)  of  the  Input  current  shows  clearly  that  the  oscillator  pule*  rat*  Increases 
progressively  until  the  energy  stored  In  C5  and  C6  Is  discharged  Into  the  sparking  plug  via  the  barrier 
gap.  The  "ON"  time  of  the  pulse  remains  constant  whereas  the  "OFF"  time  Is  progressively  reduced. 

The  expression  for  the  d.  c.  peak  current  is:- 

X E where  E • the  supply  voltage. 

L I » the  Input  current  ampere. 

L * primary  winding  Inductance. 

It  should  be  observed  that  at  discharge  the  short  circuit  presented  to  the  oscillator  Inhibits  the 
regenerative  action.  The  output  energy  released  to  the  Igniter  1*  unidirectional  due  to  the  output  circuit 
L4  and  the  free  wheeling  diodes  D12  and  D13.  The  current  output  Is  shown  on  Figure  10(b)  and  indicate* 
a peak  current  of  900  ampere*.  The  a.c.  energised  section  discharging  circuit  operate*  In  exactly  the 
same  way  a*  the  d.c.  energised  section  except  that  in  this  case  the  storage  capacitor  C5  la  charged  via 
bridge  diodes  D6  to  D9.  Loss  of  energy  into  the  d.c.  section  charging  circuit  is  prevented  by  the  blocking 
action  of  the  diodes  D10  and  Dll.  The  control  of  energy  into  the  step  up  transformer  TR1  is  achieved  by 
the  tapped  inductors  LI  and  L2  which  in  conjunction  with  capacitor  C2  keep  the  input  current  constant  and 
sinusoidal  except  during  the  release  of  energy.  The  a.c.  input  current  Is  325  milliamperes  peak  to  peak. 

The  control  plan  was  sub-divided  into  three  basic  areas:- 

(1)  d.  c. charging  circuit.  \ 

(2)  discharge  circuit.  \ 

(3)  a.  c.  charging  circuit.  \ 

28  Volt  d.c.  Charging  Circuit 

The  input  current  was  analysed  and  levels  of  conducted  interference  were  predicted  to  be  above 
the  specified  limits  particularly  in  the  range  20  H*.  -20  KHs.  A variety  of  filters  were  designed  but  it 
became  apparent  that  the  interference  levels  could  only  be  attenuated  down  to  2 KHs.  To  meet' the 
requirement  below  these  frequencies  demanded  filters  of  prohibitive  siae  and  weight.  Alternative  charging 
circuits  were  examined  by  the  Design  and  E,  M.C.  Engineers  but  the  alternatives  could  not  be 
accommodated  in  the  space  and  weight  limitations  imposed  and  the  original  blocking  oscillator  was 
retained.  The  filter  giving  the  best  compromise  and  weight  is  shown  in  Figure  3,  assembly  (1).  It  was 
also  recommended  that  the  filter  be  contained  in  an  aluminium  case  which  was  nickel  plated  to  enable  the 
case  and  lid  to  be  soft  soldered  and  a simple  Faraday  screen  of  0.  010  inch  copper  be  incorporated 
between  the  primary  and  secondary  of  the  transformer.  The  screen  was  considered  necessary  to  reduce 
secondary  circuit  effects  upon  the  primary. 

An  assessment  of  the  diodes  in  the  charging  circuit  chosen  by  the  unit  designer  was  also  made 
and  it  was  considered  that  th.s8U  would  contribute  low  levels  of  interference  in  comparison  with  the 
switching  circuit. 

Discharge  Circuits 

A jet  engine  surface  discharge  plug  needs  a voltage  peak  of  2 KV  followed  by  a high  energy  pulse 
of  current  to  ensure  efficient  ignition.  These  conditions  naturally  produce  high  levels  of  interference  which 
cannot  be  attenuated  without  serious  loss  of  energy  therefore  the  only  solution  is  to  contain  the  energy 
within  the  ignition  system.  It  was  also  realised  that  there  was  no  adequate  knowledge  of  the  behaviour  of 
igniter  cable  and  its  screening  efficiency  under  pulse  conditions,  therefore,  a separate  study  formed  part 
of  the  control  plan. 


Spurious  emissions  from  the  discharge  circuit  are  naturally  created  by  the  discharge  gap,  the 
free  wheeling  diodes  and  components  subjected  to  the  rapid  rise  of  current  in  the  igniter  plug  circuit. 


Discharge  CtrcuiU  (continued) 
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Observations  corjirnled  by  calculation  showed  the  necessity  of  additional  screening  of  the 
discharge  circuit  became  of  the  pretence  of  high  secondary  voltage  and  peak  discharge  currents.  H was 
propost d (hat  the*  components  causing  emission  be  assembled  in  one  of  the  two  compartments  created  by 
a stainless  steel  wall  which  had  already  been  incorporated  for  mechanical  strength  and  each  compartment 
should  contain  an  additional  0.020  inch  :opper  screen  insulated  from  the  main  case  but  bonded  to  it  at  one 
point  only.  Other  materials  were  considered,  but  copper  offered  the  best  compromise  for  coot,  weight 
and  screening  effectiveness.  The  additional  screen  in  the  primary  circuit  compartment  wae  recommended 
because  it  appeared  Impractical  to  mount  the  transformer  in  a drop  through  configuration  to  prevent 
intercovipling  with  the  discharge  circuit. 


Cable  Assessment 


The  test  configuration  shown  in  Figure  4 was  used  to  measure  the  interference  radiated  by 
different  types  of  cable  and  provide  data  on  which  to  base  recommendations  for  suppression.  A 6 Joule 
ignition  ur.*t  and  power  supply  were  installed  in  the  double  eernened  steel  test  vehicle  while  the  discharge 
plug  was  surrounded  by  a J inch  thick  copper  sheath.  This  sheath  could  be  bonded  directly  to  the  teet 
vehicle  for  measurement  of  the  basic  interference  level  or  to  the  ground  plane  for  reeult*  using  a cable. 

The  selection  of  conducting,  insulating  and  sheath  materials  for  the  cable  1s  severely  restricted 
by  the  engine  environment  in  which  it  must  operate  and  only  four  cables  were  available  in  addition  to  the 
copper  tube  reference.  These  were:- 

(1)  Reference  Cable  (Sample  1)  - solid  copper  tube  0.  375  inch  O.D.  U.  314  inch  l.D.  containing 
conventional  ntplughitemp  No.  10  cable. 

(2)  Conventional  Harness  (Sample  2)  • Unlplughitemp  No.  10  enclosed  in  top  lock  hose  and  covered 
by  stainless  steel  braid. 

(3)  Sample  3 - Unlplughitemp  No.  10  enclosed  in  sheath  comprised  of  copper  braid  covered  by 
Magnetoflex  convoluted  hose  with  a stainless  steel  braid  outer. 

<«>  Sample  4 - Identical  to  Sample  (3)  except  the  stainless  steel  braid  was  replaced  by  pure  nickel 

braid. 

(5)  Sample  5 - Unlplughitemp  No,  10  covered  by  copper  braid  wrapped  with  Kaplun  film  insulation 

enclosed  in  two  layers  of  tinned  steel  braid  Insulated  externally  by  a further  layer  of  Kapton  film. 

The  test  results  obtained  with  a 1 metre  length  of  each  cable  are  given  in  Figures  5 and  0,  and 
all  samples  exhibit  amplitudes  in  excess  of  specification  around  a frequency  of  100  Mils,  including  the 
basic  set  up  of  igniter  at.,  test  vehicle  only.  Action  to  reduce  the  excessive  levels  is  discussed  later  and 
the  result*  indicate  that  only  Sample  4 could  fully  meet  requirements.  The  cable  construction  meet*  the 
flexibility  and  other  engine  environmental,  restrictions  although  the  nickel  braiding  is  relatively  soft 
compared  with  conventional  stainless  steel  and  will  require  careful  handling  during  installation  on  the 
engine.  The  cable  will  obviously  be  acceptable  for  use  in  3 joule  circuit*  as  well  as  t>  Joule. 

A.C.,  Charging  Circuit 

This  channel  is  contained  in  the  same  double  screened  container  a*  the  11, C,  input  and  the 
discharge  energy  is  transmitted  by  a common  circuit  and  cable  to  the  Igniter  plug.  The  only  remaining 
interference  sources  requiring  to  be  considered  are  tbe  input  to  the  A.O.  channel  and  the  effect  of  stored 
energy  release  upon  the  A . C , input, 


It  is  convenient  to  control  the  rate  of  charge  of  the  storage  capacitor  05  by  the  inclusion  of  chokes 
in  the  primary  input  to  the  channel  and  the  input  cut  rout  amplitude  variations  can  also  be  controlled  by  the 
addition  of  a capacitor  02.  Inspection  of  the  choke  indue. a nee  value*  indicated  that  these  would  give 
considerable  attenuation  ovor  most  of  the  frequency  range  except  for  the  efiect*  of  the  discharge  of  energy 
into  the  Igniter  ae  shown  in  oscillogram  Figure  10(c),  A Faraday  screen  of  0,00k  Inch  copper  wae 
Inserted  between  the  primary  and  secondary  of  transformer  TUI  to  minimise  the  effect*  of  the  secondary 
circuit  discharge.  To  prevent  radiation  and  intercoupling  effects  chokes  1,1  and  1,2  together  with  C2  were 
contained  in  an  aluminium  can  assembly  (2)  on  Figure  3.  This  is  cimitur  to  assembly  (I)  previously 
described.  It  was  proposed  that  an  experimental  channel  be  sot  up  and  tested  to  the  conducted  emission 
requlreme.it*  before  design*  were  froseu  to  enable  the  system  interference  level*  to  be  vitrified.  The 
results  of  these  tests  indicated  that  compliance  could  bn  obtained  down  Hi  about  3 KH*  capacitor  02  being 
added  to  remove  some  excess  amplitude*  in  the  range  2k. 100  MH«. 

The  above  work  enabled  the  control  plan  to  be  finalised  *r  to  contain  all  the  recommended 
interference  reduction  techniques,  e.g.  circuit  and  device  analysis,  choice  of  circuit  configurations, 
materials  and  the  use  of  experimental  data.  The  control  plan  took  cognisance  of  the  anomalies  recorded 
at  tht  frequencies  centered  around  100  Mils,  during  tire  experimental  tests  and  although  remedial  action 
would  normally  be  proposed  in  the  plan  it  was  decided  in  this  instance  to  postpone  it.  The  decision  was 
made  because  it  was  felt  that  a unit  constructed  to  the  proposed  production  standard*  might  not  exhibit 
similar  result*.  BIxperlence  suggested  that  the  out  ol  limit  level*  could  be  attributed  to  output  component 
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A.C.  Charging  Circuit  (continued) 

earth*  carrying  high  circulating  pulse  currents  during  energy  discharge  and  thus  could  only  be  proven  on 
a production  unit.  Consequently  a fully  engineered  unit  to  the  recommended  standards  was  manufactured 
and  subjected  to  the  tests  called  out  in  the  design  specification. 

The  results  of  tests  for  radiated  emission  levels  as  defined  in  test  method  RE,  02  are  shown  on 
Figure  7,  Curves  (1)  and  (2)  and  indicate  virtual  compliance  with  the  specified  requirements  except  ?t 
14  KHz.  Curve  (1)  and  at  90  MHz.  on  both  curves  the  limits  are  exceeded  in  a pattern  similar  to  the 
experimental  results.  The  excess  levels  at  90  MHz.  were  removed  by  shortening  the  discharge  circuit 
ground  lead  and  by  increasing  the  size  of  the  grounding  stud.  The  Qtud  was  brazed  to  a copper  ring  which 
in  turn  was  brazed  to  the  case,  the  ring  circumscribing  the  outlet  socket.  Previously  the  ground  was 
located  in  the  base  of  the  unit  and  required  a longer  grounding  strap,  which  was  incorporated  for  ease  of 
manufacture  rather  than  effective  grounding.  Test  results  with  the  modified  configuration  are  shown  by 
Curves  (3)  and  (4)  on  Figure  7.  The  test  results  obtained  after  carrying  out  conducted  emission  test  to 
the  requirements  of  CE.01  are  shown  on  Figure  8,  Curves  (1)  and  (2)  indicate  compliance  with  the  limit 
over  the  frequency  range  2 KHz.  -20  KHz.  They  do  not  comply  with  the  limits  for  the  range  20  Hz.  -2  KHz. 
and  to  obtain  compliance  with  the  limits  would  require  filtering  of  astronomical  proportions  as  indicated 
previously. 

It  is  relevant  to  quote  the  method  of  measurement  used  in  this  range  of  frequencies.  The 
measuring  set  bandwidth  (Fairchild  EMC.  10E)  was  set  to  50  Hz.  and  calibrated  against  an  impulse 
generator  set  to  approximately  the  repetition  rate  of  the  unit  under  test,  i.e.  120  pulses  per  minute.  The 
impulse  generator  output  was  fed  into  a 50  ohm  load  and  the  resulting  current  measured  by  the  usual 
current  probe.  The  results  shown  on  Figure  9 indicate  compliance  with  the  requirements  of  test  method 
CE.03  between  14  KHz.  and  100  MHz.  A unit  designed  to  the  standards  laid  down  in  the  E.M.C,  control 
plan  which  had  been  drawn  up  in  association  with  the  design  engineers  with  the  operational  requirements 
in  mind,  has  been  shown  to  virtually  meet  E.M.I.  specification  requirements  except  where  these  are 
particularly  arduous.  It  is  of  interest  to  note  that  test  method  CE.01  conducted  broadband  emission  test 
which  could  not  be  met  in  practice  in  the  range  20-2.000  Hz.  has  been  deleted  from  the  specification  by 
the  action  of  Notice  3. 

CONCLUSION 

The  above  study  shows  that  close  collaboration  between  design  and  E.M.C.  engineering  enables 
control  plans  to  be  compiled  which  enable  equipments  to  meet  both  operational  and  E.M.C.  requirements. 
This  does  not  imply  that  all  equipments  even  with  close  control  will  meet  the  specification  limits,  since 
frequently  there  will  be  conflicting  parameters  and  a compromise  will  be  necessary.  Conditions  and 
limits  can  oft.jn  be  met  technically  but  the  penalties  involved  in  size,  weight  and  coBt  are  totally 
unacceptable.  It  is  noticeable  that  American  military  specifications  in  the  E.M.C,  field  which  are  widely 
adopted  elsewhere  are  non -mandatory  documents  and  are,  ir.  fact,  design  aims  which  can  be  tailored  to 
specific  applications.  The  tailoring  does  not  always  make  the  requirements  lesB  severe.  It  is  essential 
that  detailed  discussions  between  the  engineering  representatives  of  the  procurement  agencies  and  the 
equipment  manufacturers  are  held  to  settle  the  specification  constraints  for  the  particular  application  as 
early  as  possible  and  before  finalisation  of  contract.  Control  and  Test  plans  must  then  be  drawn  up 
clearly  defining  the  agreed  aims. 

European  standards  are  mandatory  documents  demanding  full  compliance  although  in  some 
instances  some  tailoring  may  be  agreed.  In  the  United  Kingdom  particularly  relaxation  of  limits  may  be 
granted  on  the  basis  of  results  and  thei  effect  in  a given  installation.  This  has  been  essential  as  designs 
have  usually  been  created  without  the  use  of  control  or  test  plans  and  compatibility  is  achieved  subsequently 
by  interference  reduction  techniques.  This  arbitrary  approach  is  no  longer  acceptable  due  to  the  greatly 
increased  interdependauce  of  systems  and  equipment  installed  in  aircraft.  Control  and  test  plans  can 
and  do  eliminate  unnecessary  interference  generators  and  pin  point  aud  evaluate  areas  of 
incompatibility  which  can  then  be  eradicated  with  minimum  delay  and  cost. 
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GLOSSARY  OF  TERMS 


A 

E 

E* 

H« 

L 

I 

N 

Y 

X 

Z9 
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= loop  area  in  square  metres. 

= Volts. 

« Electric  field  strength,  volts/metre, 

and  Hr.  = Magnetic  field  strength,  amperes/metre. 
= Inductance,  henries. 

= Curreri,  amperes. 

= Number  of  turns. 

= Distance  from  loop  to  antenna  in  metres. 

= wavelength  in  metres. 


377  ohms  impedance  of  free  space. 


Frequency 

Hz. 

MIL -STD -461 A 
Limit  RS.01 
dB.pT. 

30 

140 

100 

119 

400 

95 

800 

82 

| Material  Thickness  (cma)| 

Material  Weight  (Kg)  | 

Copper 

Aluminium 

Copper 

Aluminium 

6.35 

8.2 

66.4 

26.7 

1.9 

2.44 

20.0 

7.9 

0.38 

0.48 

0.398 

0.151 

0.38 

0.48 

0.  398 

0.151 

Frequency 

Mil  -STD -461 A 
Limit  RE,  01 
dB.  pT. 

Loop  Level 

Shielding 

Attenuation 

dB. 

Material  Thickness  (mm)  | 

Hz. 

dB.  pT. 

Aluminium 

Mumetal 

30 

140 

134 

- 

- 

- 

100 

119 

134 

9 

9.6 

0.38 

400 

95 

134 

33 

8.6 

0.26 

500 

82 

134 

46 

10.0 

0.40 

Material  Weight  (Kg) 


Aluminium  I Mumetal 


TABLEJ 

SPECIFICATION 


High  Energy  Ignition  Unit 
NB.  10902 

Stored  Energy  (Joules) 

Main  Storage  Capacitor  (yuF) 
Operating  Supply 

Operating  Duty 

Max.  Input  Power 
Discharge  Voltage 
Operating  Temperature  Range 

(a)  Continuoue 

(b)  Cycling 

Maximum  Altitude 

Sparking  Rate  (spark/ min. ) 
at  normal  input  voltage 

(a)  at  20 °C 

(b)  at  155°C 

Estimated  Weight 
Radio  Interference 


Starting 

6 

1. 5 + 1.5 
14.5  to  31  V.d.c. 


Continuous 

3 

1 5 

98  V.,  380  Hz. min. 
124  V.,  420  Hz.  mux. 


5 hours 


5 cycles 

30  secs.  "ON",  30  secs.  "OI  F" 
50  watts 
2000  + 100 


-40oC,  to  +)  10°C 
-4C°C  to  +155°C 

60,  000  feet 

60  minimum  at  minimum  input  voltage 

1 20  minimum 
90  minimum 

Nominal  2.681  Kg. 

Maximum  2.820  Kg. 

MIL-STD-461A,  Notice  2, 

Tests  CE01 , CE03,  RE01. 
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Figure  2 


Fig.  3 Circuit  diagram  of  high  energy  ignition  unit 
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Figure  9 
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Fig.  10(a)  D.C.  channel  input  current,  Upper  trace  — unsuppressed  1.3  amp/cm,  Lower  trace  suppressed 

1.0  amp/cm,  Horizontal  scale  10  mSec/em 


Fig.  10(b)  Plug  discharge  characteristics.  Upper  trace  - current  450  amp/cm,  Lower  trace  voltage  50  volts/cm. 

Horizontal  scale  - 20  /a Sec/cm 
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Fig.  10(c)  A.C.  channel  input  current  (suppressed).  Vertical  scale  0.15  amp/cm.  Horizontal  scale  10  mSec,em 
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DISCUSSION 

K.  LANDT:  Hew  do  ycu  stop  the  RP  getting  out  of  the  shielded  boxes  and  getting  from 

one  box  into  the  other  at  the  penetration  holes  of  the  wiring  without  appropriate 
feed-through  filters? 

P.  D.  CAMPBELL:  The  electrostatic  screen  prevents  high  frequency  coupling  through  the 

transformer  Any  interference  raditted  from  secondary  to  primary  is  adequately  sup- 
pressed by  tne  power  input  filters.  It  may  have  been  possible  to  use  a less  efficient 
rover  ii..3  input  filter  if  feed-through  capacitors  had  been  used  on  the  transformer’s 
primary  and  secondary  box  interfaces. 

K.  LANDTs  What  is  the  reason  for  the  intentional  ground  connection  between  primary 
24  DC  ground  and  high-voltage  ground? 

P.  D.  CAMPBELL:  The  drawing  is  misleading  in  Figure  3.  The  secondary  ground  on  Tr.  2 
is  connected  locally  to  the  box  and  not  as  whown  at  the  28-volt  negative  terminal. 

K.  LANDT:  Don't  you  think  that  an  adequate  shielding  of  the  external  high-voltage 

ignition  circuit  will  be  a very  helpful  remedial  measure  against  radiation  at  RF? 

P.  D.  CAMPBELL:  Yes.  This  has  heen  done  by  extending  the  Faraday  cage  effect  of  the 

ignition  box  via  a triple  screened  cable  to  the  ignition  plug  as  described  in  the 
text  Page  18-7,  Cable  Assessment,  Sample  4,  which  is  a uniplug  hi-temp  inner  enclosed 
in  a copper  braided  sheath  covered  by  a magneto  flex  hose  with  a pure  nickel  braid 
outer.  This  type  of  cable  improves  the  low  frequency  performance. 

F.  J.  CHESTERMAN:  In  Figure  5 there  is  a resonance  effect  at  100  MHz.  Can  you  ex- 

plain in  more  detail  the  reason  for  this  resonance? 

P.  D,  CAMPBELL:  The  answer  to  the  question  is  described  on  Page  18-8,  second 

pa.  rgraph.  All  the  radiated  emission  results  exhibited  a resonance  effect  in  the 
vicinity  of  100  MHz.  The  resonance  was  rem  'ed  by  improving  the  discharge  circuit, 
by  shortening  the  ground  lead  end  increasing  the  size  of  the  ground  stud.  The 
grounding  stud  was  brayed  to  an  annular  ring  which  was  in  turn  brayed  to  the  back 
shell  of  the  igniter  cable  socket  located  within  the  unit.  Previously,  the  ground 
was  located  in  the  base  of  the  unit  and  required  a longer  grounr  ng  strap.  This 
method  had  been  introduced  for  ease  of  manufacture  rather  than  fective  grounding. 

The  improved  grounding  effects  achieved  with  the  incorporation  of  the  modification 
is  shown  by  curves  (3)  and  (4)  on  graph  Figure  7,  Page  18-17.  The  resonance  occurs 
because  of  the  discharge  circuit  parameters.  The  discharge  tube  VI,  Figure  3,  has 
a capacitance  of  approximately  2pf  ringing  with  the  localized  circuit  inductances. 
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DISCUSSION 

0.  HARTAL:  A basic  problem  we  have  come  across  is  the  information  flow  from  design 

engineers  to  the  EMC  authority.  Changes  in  the  design  may  not  come  to  the  EMC  engi- 
neers' knowledge,  though  they  may  have  a profound  effect  on  the  system's  performance. 

How  do  you  deal  with  this  problem? 

J.  E.  R.  FOGG:  he  EMC  authority  must  be  part  of  the  design  team.  Attendance  at  the 

Project  Design  Review  Meetings,  with  EMC  listed  as  a separate  agenda  item,  will  help 
to  insure  that  the  impact  of  design  changes  are  given  early  EMC  consideration. 

J.  C.  DELPECH:  Would  it  be  possible  to  know  more  accurately  what  a control  plan 

contains?  How  is  it  written?  What  are  the  different  chapters?  Is  there  a standardized 
model  for  all  the  equipments?  Could  a precise  example  be  given,  with  comments? 

J.  E.  R.  FOGG:  The  content  of  the  control  plan  will  be  influenced  by  the  complexity 

of  the  system  to  which  it  applies  and  by  the  installation  into  which  it  if  o be 
integrated.  As  a model  as  to  which  areas  should  be  given  consideration,  t best 
reference  is  probably  MIL-STD-461A  at  the  present  time. 

R.  B.  ROWLEY:  Regarding  coordination  between  EMC  and  project  teams  (Slide  Fig.  7, 

Page  19-4  of  paper) , we  consider  that  the  project  engineer  is  involved  in  ail  stages 
including  the  test  report,  in  that  the  report  requires  analysis  in  terms  of  cause  of 
problems  aind  proposed  solutions,  with  impact  on  programme.  Author  please  comment. 

M.  T.  LE  GRYS:  Agreed.  The  EMC  test  house  originating  the  test  report  can  make  a 

factual  statement  of  the  results  of  the  tests  performed,  br.t  the  detailed  engineering 
comments  as  to  what  causes  certain  recorded  effects  can  only  be  made  by  the  design 
engineer. 

R.  J.  MORROW:  With  respect,  I would  like  to  add  my  view  of  EMC.  On  one  hand,  it  in- 
volves frequency  management.  It  is  in  this  area  that  we  have  the  profusion  of  tech- 
nical literature.  On  the  other  hand,  it  is  a statement  of  good  design.  To  obtain  a 
good  design,  there  is  a need  for  discipline,  thus  the  generation  of  specifications. 

There  is  a need  to  discipline  engineering  design  with  respect  to  EMC  the  consequence 
of  his  design.  As  with  all  discipline,  it  is  disliked. 

J.  E.  R.  FOGG:  There  is  indeed  resistance  to  most  disciplines  and  the  newer  the  dis- 
cipline the  greater  is  the  resistance.  That  is  why  the  sooner  the  communication  of 
the  subject  is  simplified  the  sooner  the  engineering  design  will  heed  the  recommen- 
dation of  the  EMC  authority. 

G.  H.  HAGN:  Do  you  think  an  EMC  figure  of  merit  would  be  of  use  in  facilitating  com- 

munications between  the  EMC  authority  and  the  program  manager? 

M.  T.  LE  GRYS:  Methods  which  simplify  the  communication  of  what  is  a specialist  tech- 

nical area  need  to  be  evolved.  The  FOM  could  satisfy  this  need,  but  for  it  to  have 
greater  credibility  the  FOM  for  the  "black  box"  would  need  to  be  supported  by  Jike 
figures  down  to  board  and  subassembly  level. 
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SUMART 


Aotivitiss  havs  grown  v?  independently  to  dsal  with  problsas  arising  from  unacceptable, 
unexpected,  unwanted  or  unnecessary  slsotroaagnstio  relationships.  The  requirement  to  axohangs, 
interwork  and  co-site  a qui patents  and  systems,  oouplad  with  tba  widening  use  of  asmi-oonduotor 
dsviosa  for  naw  as  wall  as  traditional  applioationa,  has  lsd  to  tha  oc  .ioapt  of  an  overall  Electro- 
magnetic Coapatibility  (EMC)  activity. 

However  there  is  no  generally  aooaptad  definition  for  EMC  as  separata  interests  are  tending  to 
retain  their  ova  linitsd  interpretations.  It  is  believed  that  this  is  causing  interface  difficul- 
ties that  will  prevent  SMC  .adapting  itself  sufficiently  rapidly  to  deal  with  this  changing  and 
expanding  sleotronio  situation.  After  considering  EMC  as  a typical  pollution  situation  a sugges- 
tion is  nade  for  an  evaluation  and  advisory  aervioe  (EASE)  that  would  provide  an  interface  between 
other  EMC  and  allied  activities  and  also  act  as  a focus  and  oreative  development  point  for  new 
ideas  and  techniques. 

1.  DEFINITION 

What  do  we  understand  by  Electromagnetic  Compatibility? 

All  of  us  oould  immediately,  or  with  a little  reflection,  define  or  explain  quite  simply 
what  our  respective  roles  are  within  what  we  consider  to  be  the  general  pattern  of  SMC.  If  however 
we  were  asked  to  expand  on  what  we  oonaider  this  general  pattern  to  ba,  most,  if  not  all  of  us  would 
find  this  a much  more  difficult  task,  and  very  few  of  our  answers  would  be  in  agreement. 

If  in  addition  the  request  was  for  a definitive  statement,  that  is,  a self-sufficient  one 
which  oould  be  used  to  resolve  differences,  evaluate  policy,  and  guide  future  actions  by  all  involved 
with  EMC,  we  would  be  defeated  in  the  attempt,  let  alone  in  providing  a satisfactory  answer. 

Why  should  we  have  this  difficulty? 

Tae  reason  is  that  what  is  called  Eleotromagnetio  Compatibility  is  a oolleotive  name  given 
to  a number  of  separate  parts  or  activities  related  in  a general  way  to  eleotromegnetio  effects. 

If  this  is  so  why  oannot  we  rationalise  these  into  a whole? 

In  the  eleotromagnetio  area  we  are  involved  with  a number  of  ohanging,  open-ended  situations 
where  the  IMG  oonsequences  of  decisions  made  and  actions  undertaken  are  often  governed  by  laws  of 
nature  rather  than  by  rules  and  intentions  of  man. 

Also  many  of  the  parts  have  ar  as  strong  or  even  stronger  relationship  or  oonneotion  with 
non-eleotromagnetio  activities  than  they  do  with  SMC  in  the  general  sense,  eo  thet  even  if  natural 
eleotromagnetio  problems  have  baan  identified  there  is  still  an  arbitrary  uncertainty  where  the 
authority  to  resolve  them  liee|  ie  it  en  equipment  design  rssponsibility,  e financial  or  contrac- 
tual matter,  or  a dear  EMC  matter? 

Furthermore  even  the  separata  parts  within  EMC  hsvs  developed  independently  with  different 
time  soales,  degress  of  sophistloetion  end  purposes,  often  having  their  own  firmly  established 
procedures,  authority  and  vested  interests. 

It  would  seam  therefore  that,  baoaust  of  tha  nature  and  stats  of  the  art  of  EMC  a statement 
defining  the  bounds  and  having  any  real  authority  is  not  possible  until  time  or  oiroumatanoea  allow 
the  various  parts  or  activities  both  within  a nation's  oivll  and  military  organisations  and  inter- 
nationally to  he  harmonised  to  a far  greater  extent  than  they  are  at  the  present. 

What  is  much  mors  i sport ant  then  the  definition,  as  des treble  as  this  is,  is  that  we  should 
have  something  substantial,  effsotivs  and  worthwhile  to  define. 

What  additional  steps  oan  ws  taka  towards  bringing  this  about? 

Two  suggestions  are  made  in  this  paper,  one  is  philosophical  and  the  other  practical.  The 
former  postulates  that  the  INC  situation  ehows  the  oharaoterlstios  of  s typical  pollution  situation 
both  in  the  way  it  has  detelo-ed  end  also  in  the  methods  used  to  try  and  solve  it.  Consideration 
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of  the  situation  from  this  viewpoint  oaa  give  insight  into  th*  say  it  tends  to  behava  and  also 
pro vida*  oluaa  as  to  how  it  oan  hs  influanoad  in  a positive  and  oonstruotiv*  manner. 

Loading  from  thia  pollution  oonoapt  tha  saoond  suggsation  i#  mad*  fer  an  activity  providing 
an  intarfaoa  or  bridge  hatwaan  tha  othar  various  OK!  parts  or  activities  and  a focus  and  or  estiva 
davalopnant  point  for  naw  ideas  and  techniques. 

2.  POLLUTION 

Before  tackling  tha  problem  of  pollution  wa  are  again  oonfrontad  with  tha  difficulty  of 
definitions • 

As  pollution  is  oonoemed  with  tha  effaots  and  result*  what  effects  are  wa  to  consider? 

In  a pollution  situation  there  is  an  unintended  and  often  unexpected  relationship  between 
a sender  and  a reoeiver  where  neither  has  any  direot  responsibility  for  or  obligation  to  the  other. 
Under  these  conditions,  particularly  where  there  is  a penalty  in  reduo ing  the  oause  of  pollution, 
there  is  a strong  tendency  towards  reducing  areas  of  involvement  by  administrative  deoision. 

Therefore  a broad  coverage  for  the  soope  of  SMC  ia  a necessary,  indeed  eeaential  as  a starting 
point  for  achieving  effeotive  compatibility.  It  would  then  be  appropriate  to  say  that  'the  disci- 
pline of  Electromagnet! o Compatibility  should  take  aooount  of  all  eleotromagnetio  phenomena  whether 
of  natural  origin  or  deliberately  or  incidentally  generated  or  reoeived* . 

What  do  we  mean  by  pollution? 

The  dictionary  definition  statea  that  to  'pollute'  ia  to  'destroy  the  purity  and  sanotity  of. 

In  this  context  purity  and  sanotity  oonvey  two  separate  and  distinot  ideas  or  prooeases  both 
of  whioh  must  be  pursued  with  equal  vigour  to  obtain  effeotive  IMC.  The  former  is  oonoerned  with 

the  state  of  the  eleotromagnetio  meohaniam  itself  and  the  latter  with  its  effeot  on  the  rights  and 
well-being  of  others. 

Consider  the  following  examples  whioh,  although  illustrating  radio  communication  situation!, 
oan  bo  sxtendsd  to  oover  a wide  range  of  other  actuations. 

(a)  Assume  that  we  have  a radio  station  whioh  ia  baing  interfarad  with  by  anothar  indepen- 
dent end  well  asperated  radio  station.  Hare  we  have  purity  of  signal  but  oonfliot  of  sanotity. 

(B)  Consider  the  same  radio  station  independent  from  souroe  of  unintended  radiation  that  is 
interfering  with  it.  Hare  we  have  both  oonfliot  of  purity  and  sanotity. 

(c)  If  however  an  interfering  souroe  and  tha  radio  station  are  pert  of  the  earns  equipment 
both  being  the  responsibility  of  a single  designer  then  there  is  a oonfliot  of  purity  but  no  oonfliot 
of  sanotity. 

(D)  If  the  radio  station  is  neither  independent  nor  at  a distance  from  an  interfering  souroe 
whioh  may  be  unintended  or  required  in  its  own  right,  suoh  as  in  a system  or  installation,  thara  is 
no  dear  out  distinotion  between  purity  and  sanotity,  or  if  it  is  a pollution  or  design  consideration. 

Let  us  now  oonaider  the  above  examples  from  the  EMC  viewpoint. 

In  (a)  there  ie  no  doubt  that  we  have  an  IMC  problem  and  that  problem  is  as  old  as  tha  art  of 
radio  oommunioation  itself.  Over  the  years  a considerable  authoritative  body,  the  activity  of 
frequency  management,  has  bean  built  up  within  tha  armed  services,  nationally  and  internationally. 
This  pollution  situation  is  caused  by  overcrowding  and  in  the  EMC  oontext  is  almost  entirely  a 
deliberately  radiated  radio  problem  whioh  is  very  muoh  part  of  tha  funotion  of  the  primary  system. 

It  ia  therefore  to  be  expeoted  that  teohnologioal  innovation  to  improve  IMC  will  be  generated,  widely 
understood,  and  eupported  from  within  the  primary  systems  themselves.  Modelling  and  analysis 

techniques  ere  also  applioable  to  this  fora  of  IMC. 

In  (b)  we  also  have  a dear  IMC  problem.  Four  elements  are  required  to  produce  pollution. 
They  are,  a oause,  a relationship,  a recipient,  a. id  tha  destruction  of  the  purity  and  or  the  sanotity 
of  the  reoipient.  A difficulty  that  arises  is  that  the  equipment  produoing  the  oause  ie  introduced 
into  use  as  an  independent  unit  end  the  other  three  elements  are  not  in  general  known.  To  overcome 
this  difficulty  the  unit  is  tested  by  established  procedures  and  to  predetermined  limits  oaloulated 
to  ensure  that  pollution  will  not  ooour  with  any  practical  ralationship  and  reoipiant.  For  suscep- 
tibility performance  the  same  reasoning  is  applied  to  the  oause  and  the  relationship. 

When  we  have  a potential  pollution  situation  we  oan  reduoe  or  eliminate  the  oause  and  or  tha 
relationship.  Pollution  is  oauised  by  unnecessary,  uninterested,  unintended  or  unauepeoted  relation- 
ships. Where  the  oause  ie  essential  to  the  funotion  of  the  equipment  the  relationship  must  be 
broken  by  eay  screening  or  filtering;  in  other  oases  the  oause  oan  be  reduced  or  eliminated. 

IMC  solutions  may  be  in  direot  oonfliot  with  other  design  considerations  or  the  pollution 
meohaniam  may  be  outside  the  designers  knowledge  so  that  one  of  the  favoured  method*  of  dealing  with 
a pollution  situation  is  to  introduoe  legislation  which  in  the  IMC  oontext  takes  the  form  of 
Standards.  Standards  are  essential  for  the  purpose  of  oontraot,  management,  inspection  and  quality 
oontrol  but  as  they  make  generalised  teohnioal  assumptions  they  must  be  used  with  osre  when  trying 
to  resolve  a particular  teohnioal  situation. 
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In  (C)  no  fora*-1.  BE  requirement  exists  u th*  satisfactory  i'esoluilon  of  internal  compati- 
bility should  ba  explicit  In  the  squipsmnt  specification.  While  BE  requirement*  teohniques  and. 
expertise  mjt  ba  call  ad  on  for  help  in  design  and  development  than*  ara  only  obligatory  to  tha 
equipment's  ralation  with  ita  savironmant. 

In  (s)  m have  an  ara a abort*  an  yat  no  oonmon  or  aooaptad  philosophy,  praotioa  or  procedures 
have  evolved.  Control  Plana  are  on*  approach  but  tbaaa  still  naad  refining. 

CONCLUSION 

A situation  baa  boon  raaobad  *h*r*  tha  dlffarant  aotlvltias  that  nab*  up  tb*  BE  dlaoiplina 
eannot  ba  usad  and  developed  independently  of  on*  anothar  to  obtain  optimum  BE  effectiveness. 

Son*  fora  of  intagrating  activity  is  tbarofora  urgently  required  and  tb*  raaaindar  of  tha  papar 
daaoribaa  euob  an  activity. 

3.  EVALUATION  AND  AD VI SORT  SERVICE  (EASE) 

3. 1 Historically  methods  of  obtaining  alaotronagnstio  compatibility  raaultad  fron  tha  piaoanaal 
oraation  of  diffsrant  aotlvltias  usually  diraotad  toward*'  solving  son*  particular  embarrassment  of 
tb*  moment  and  than  thair  da va loping  into  organisations  often  having  oonsidarabl*  authority  and 
status  in  thair  own  right. 

3.2  Within  thair  own  tarns  of  reference  and  aaaaaSnant  of  tb*  problan  tbasa  organisations  oould 
ba  affaotiva.  Howavar  if  tha  aasasauant  was  not  valid,  or  tb*  situation  obangad  or  tha  tarns  of 
rafaranoa  widened,  adaptation  to  the  naw  oiroumatanoss  was  strongly  influsnoad  by  tha  axistsno*  of 
a pollution  typ*  situation  and  tha  oboio*  of  a naw  optinun  solution  oould  b*  impeded  or  prevented. 

3.3  In  raoent  tinas  tb*  tarns  of  rafsrsno*  have  bean  widened  in  an  attanpt  to  oop*  with  obsnging 
conditions,  and  various  aotlvltias  and  organisations  have  basn  oonsidarad  under  the  ganario  basiling 
of  Elaotronagnatio  Compatibility. 

3. 4 Adaptation  problems , both  oollsotivs  and  individual,  azparianosd  in  rationalising  tbs 
several  aotlvltias  within  BE  ara  nuob  nor*  involved  than  with  a single  organisation.  Not  tb* 
least  difficulty  is  establishing  and  maintaining  affaotiva  interfaces  both  inside  and  outsids  tb* 
aavaral  activities. 

3« 5 The  author  is  strongly  of  tha  opinion  that  tb*  general  BE  situation  sad  activity  as  it  is 

now  constituted  will  not  b*  able  to  adapt  itself  sufficiently  rapidly  to  oop*  with  the  difficulties 
of  tha  changing  oonditions  due  to  tha  expanding  magnitude , application  end  complexity  of  alaotronicis. 

3.6  If  this  assessment  of  tha  situation  is  s valid  on*  it  is  clear  that  acne  means  must  be  found 
to  influence  tha  development  and  nature  of  existing  aotivitla*  in  a oo— ordinatad  way  to  an  overall 
pattern. 


3.7  Tha  method  suggested  in  thin  papar  is  the  oraation  of  an  Evaluation  and  Advisory  Sarvioa 
(EASE).  It  must  b*  stressed  that  tha  proposals  suggsstsd  hsrs  srs  pursly  hypothetical,  are  put 
forward  to  stimulate  disouasion,  and  do  not  in  ray  way  imply  approval  of  policy  or  describe  an 
actual  existing  organisation. 

3.8  The  individual  properties  making  up  EASE  are  those  already  in  use  or  arc  oonsidarad  desir- 
able in  normal  BE  praotioa.  It  is  their  selection,  amphasia  and  relationship  that  gives  the 
required  overall  oharaotarlatioa. 

3.9  The  main  properties  end  funotiona  of  EASE  ara  detailed  and  diaouaaad  below:- 

(a)  A vary  wide  range  of  equipments  and  systems  must  ba  oonsidarad.  Ideally  all  faota 
should  bs  taken  into  aooount  in  making  an  BE  assessment.  In  prsotios  thar*  will  of  oouraa  be 
limits,  but  apart  from  genuine  security  reasons,  it  is  essential  that  thars  should  bs  tha  'right 
to  know'  unrestricted  by  external  or  internal  administratively  imposed  limits. 

(b)  Staff  should  be  enoouraged  to  make  personal  oontaots,  attend  meetings  and  disouaslons, 
and  make  personal  observations  and  gain  praotloal  sxpsrisnos  'on  sits'. 

(o)  Consultation  and  liaison  should  take  plaos  with  othsr  INC  activities  such  as  frequency 
managsmant,  uasr  trials;  inspection,  and  with  othsr  organisations  or  bodies  influsnoad  by  or  wbioh 
influenoe  the  ENC  situation. 

(d)  EASE  ahould  aot  aa  a fooua,  forum,  olsaring  house,  propagsrAist , prophet  and  memory  and 
os  far  a*  on*  oan  use  such  a term  th*  oonaoisno*  on  general  BE  nattsra  and  idsaa. 

(*)  It  has  bssn  pointed  out  that  intsrfaoss,  that  ia,  boundaries  between  aotlvltias, 
organisations  and  procedures  over  which  information  must  flow  or  sotion  talcs  plaos,  ara  potential 
souroas  of  inaffioisnoy.  Baoaua*  interface  situation*  are  not  always  self-righting  or  self- 
adjusting  EASE  baa  a partioular  inter* at  in  this  problem.  Study  will  b*  undertaken,  general  and 
particular  rsoomaandations  mada  and  active  help  given.  In  sons  oases  a oomplet*  mlsmatoh  or 
discontinuity  may  exist)  in  such  oaaaa  EASE  would  aot  aa  a bridge  by  providing  not  only  guidano* 
but  actually  providing  an  activity. 


(f)  On*  of  the  moat,  if  not  the,  important  requirement  of  tho  U3I  oonoept  ia  that  if  must 
hava  a laboratory  tad  otaff  actively  oarrying  out  aaaauraaanta.  Among  tho  raaaona  for  thia  arat- 

(i)  JLa  a diaoiplina  for  Vth  individuals  and  tho  total  activity.  Tho  eubjeot  to 
bo  oovered  ia  ao  largo,  and  tho  methods  of  approach  ao  numerous  that  soma  reference  point  ia 
noooaaaxy  to  givo  stability  to  tho  whole  atruoturo.  Ia  SABS  thia  ia  provided  by  knowledge 
baaed  on  measurement. 

(li)  Many  damaging  DfC  aymptoma  ariao  from  aooond  or  higher  order  effeota,  from 
aubtle  or  obaouro  moohaniaaa,  or  from  eaaual  rolatlonahipa,  whioh  are  not  amenable  to  oalox*- 
lation  but  oan  only  bo  aatiafaotorily  identified  and  quantified  by  fine  moaauroaant. 

(iii)  in  important  aim  ia  to  maka  daaignera  aolf-euffioient  in  EMC  matters;  a 
praotioal  deiionatration  of  tho  uao  of  inatruaanta  and  toohniquaa  partioularly  on  their  own 
oquipmonta  oan  have  a groat  and  permanent  eduoational  value. 

(iv)  SMC  muat  not  be  merely  a ' oleaning  up  after  the  event'  activity I it  ahould 
alao  be  oonoerned  with  looking  into  the  future,  anticipating  probleaa,  evaluating  them  and 
finding  aooeptable  methoda  of  avoiding  them.  EASE  ia  very  much  involved  in  thia,  and 
praotioal  reaearoh  muat  go  hand  in  hand  with  theoretioal  atudy. 

(v)  It  ia  important  that  Standard  inapeotion  tooting  of  equipment*  and  components 
ahould  be  oopprehensive  and  widaapread.  A factor  against  thia  ia  the  ooet  of  tenting  and 
therefore  any  improvements  to  speed  up  and  reduoe  the  ooet  of  these  testa  ia  worthwhile. 

This  is  one  of  the  areas  where  EASE  ahould  be  active. 

3.10  The  effective  use  of  Standards  ia  influenced  by  two  mutually  conflicting  requirement*,  one 
to  remain  oonstant  and  atable  and  the  other  to  matoh  continually  ohanging  oiroumatanoea.  A 
responsible  end  impartial  aouroe  of  advioe  and  guidanoe  ia  neoesaary  to  minimise  the  effeota  of 
thia  oonfliot.  EASE  would  be  well  suited  for  thia  role  in  three  ways  by «- 

(a)  Keoommending  and  assisting  in  drafting  amendments  to  existing  Standards  or  suggesting 
new  Standards. 

(b)  Adding  authority  to  oonoaaaiona. 

(o)  Investigating  and  determining  valid  equivalent!  end  comparisons  between  Standards  under 
different  Jurisdictions. 

The  position  of  EASE  in  the  Standards  activity  muat  bs  carefully  controlled;  it  oan  offer 
advioe,  but  it  muat  not  presume  on  tho  authority,  or  taka  on  the  duties,  of  tho  established  Standar- 
disation activity. 

3.11  A valuable  part  of  the  aarvioe  would  be  to  advise  and  provide  assistance  to  Project  Managers 
and  Officers,  EMC  Offioers  and  Boards  and  both  system  and  equipment  designers  in  the  following 
manner i- 

(a)  Clarification  and  familiarisation  of  EMC  doouments,  prooeduraa  and  testing  methods. 

(b)  Assistance  in  the  preparation  and  drafting  of  EMC  doouments  peouliar  to  the  projsot. 

(o)  Introduction  to  and  sotting  up  of  liaison  links  with  other  EMC  and  associated  activities. 

(d)  Teohnioal  advioe  on  equipment,  system  and  design  methods.  This  oould  also  include 
evaluation  measurements  and  modifications  to  equipments  in  the  presence,  and  with  the  oo-operation, 
of  ds signers. 

(a)  Advioe  and  temporary  involvement  of  specialised  test  equipment. 

(f)  Attendance  in  a consultative  o opacity  at  meetings  and  trials  and  mm  a teohnioal  referee. 

(g)  Site  survey  and  specialised  electromagnetic  environment  measurements. 

(h)  Training  of  Projsot  EMC  Officers . 

3.12  Although  it  might  seem  as  if  the  flo»  of  information  is  one  way,  this  ia  not  so  as  all  the 

time  EASE  will  be  receiving  information  which  it  would  store  and  process  for  possible  use  in  other 

fields.  This  is  an  extremely  valuable  method  of  updating  and  improving  the  EMC  system. 

3.13  The  study  of  EMC  end  associated  problems  would  bs  oarried  out  by  paper  exeroiaee  and  by 

praotioal  reaearoh  both  intra-ourally  and  extra-mural ly.  Facilities  for  placing  reaearoh  and 

investigation  work  with  outside  bodies  would  be  required. 

3.14  It  ie  important  that  EASE  muat  preserve  its  autonomy  as  a functional  unit  so  that  it  oan 
discharge  its  teohnologioal  responsibilities  without  being  overridden  by  looal  administrative 
restraints  or  by  other  activities  or  groups  of  activities. 

3.15  EASE  oan  give  advioe  and  undertake  limited  defined  and  agreed  tasks  but  must  not  presume  on 
the  authority  or  take  on  the  duties  of  funotions  of  an  established  aotivity.  In  this  way  a Projsot 
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BtC  Officer  would  ba  rasponaibla  to  tha  Projaot  Manager  and  would  not  be  a matt  bar  of  an  EASE.  Tha 
equipment  and  aklll  to  taat  to  Standard  require manta  would  ba  aval labia  but  formal  inapootlon  would 
not  ba  undertaken. 

3.16  Tha  work  load  would  bo  divided  lnt<,  thraa  ol eases t- 

(a)  Work  for  'ouatonara'.  Thia  r uld  bo  affort  that  oould  bo  already  aooountad  for  against 
a specifio  projoot. 

(b)  'Housekeeping'.  EASE  haa  to  hava  availabla  a range  of  'tool*'  kapt  in  good  oondltlon 
and  ready  for  uaa  at  ahort  notloa.  In  thia  oategoxy  would  fall  a taohnioal  library  and  data 
raoording  and  prooaaaing  system;  a taat  laboratory  and  ita  maintenance  and  calibration;  training 
and  aduoation  of  ataffaj  attendance  at  naatinga  and  administrative  affort. 

(o)  'Rasaaroh'.  Thia  would  inoluda  invaatigation  both  thaoratioal  and  praotioal , not 

diraotly  attributabla  to  a projoot  or  to  'houaaka aping'  and  would  involva  tha  atudy,  design  and 
development  of  now  measurement  methods  and  procedural , BtC  problama  and  tha  praaantatlon  of  teohni— 
oal  papara. 

Ovar  a long  pariod  it  ia  a at i mat ad  that  working  tina  would  ba  (harad  in  equal  parts  ovar 

tho  thraa  olaaaaa.  Inoraaaa  in  output  of  'oustoaar'  work  ahould  oona  from  inoraaaoa  in  prepared- 

naaa,  faoilitiaa  and  quality  of  tha  othar  olaaaaa  and  not  by  inoraaaing  tha  proportion  of  tima  apant 
on  projoot a. 

3.17  Although  V a optimum  aiaa  for  an  EASE  would  hava  to  bo  detarminad  for  a particular  aet  of 
oirouastanoea,  tha  following  guidalinaa  oan  ba  laid  down. 

(a)  Tho  various  mam bar a will  hava  primary  raaponalbility  for  an  araa  of  work  in  tha  'houaa- 
kaaping'  and  aoma  of  tha  'raaaaroh*  olaaa  but  aaoh  araa  ahould  ba  undarotudiad  by  othar  mambara. 

(b)  To  daal  with  a 'ouatomar'  projaot  or  othar  apaoifio  task  a taam  would  ba  aat  up,  tha 

constitution  of  tha  taam  baing  datarminad  by  tha  natura  of  tha  task  and  tho  work  load  at  tha  tima. 

(o)  Tha  whole  unit  ahould  bo  olosa  enough  to  allow  daily  oontaot  with  aaoh  othar  and  to 
use  oosmon  faoilitiaa. 

(d)  Although  for  short  periods  tho  whole  unit  oould  work  on  a projaot  thera  must  ba  enough 
redundancy  to  allow  tho  ' housekeeping'  to  ba  carried  out. 

3.18  Although  oontaot  with  projects  will  ba  required  at  all  stages,  including  post-produotion, 
it  is  at  tha  inception  of  a projaot  that  tha  greatest  and  most  beneficial  influenoe  oan  ba  exerted. 

It  is  at  thia  staga  that  the  implications  of  EMC  on  ba  established  with  appropriate  provision  of 
time,  management  procedures  nd  cost. 

4.  CONCLUSION 

EASE  is  presented  as  a method  of  obtaining  more  effective  EMC. 

In  setting  up  a praotioal  organisation  or  aotivity  tha  prinoiples  given  above  should  ba 
adhered  to. 

Those  principles  hava  bean  datarminad  after  consideration  of  imperfaotions  in  tha  present 
EMC  situation  many  of  whioh  beoase  apparent  after  considering  EMC  as  a pollution  situation. 
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92  - LEVALLOIS-PERRET. 


This  article  of  essential  character  treats 
interference  problemes  resulting  from  experiences 
taken  on  telephony  radio  links,  to  multiplexage  re- 
peated in  frequency.  (FDM  - FM). 

This  comprises  two  parts.  Firstly  a very 
general  characteristic  is  applied  to  frequency  mo- 
dulation links. 

It  treats  successively  : 

• Type  of  link  organisation  and  equipments, 
e Origin  of  disturbess. 

• Effects  of  disturbess  on  the  functionning  of  equip- 
ments (capture  of  AGO  and  limiters)  and  on  all- 
over  performances  (noise  after  demodulation). 

• Proceeduses  utilised  to  reduce  the  effects  of 
disturbess. 

• Calculate  the  level  of  disturbess  from  the  anten- 
na diagrams.  The  application  has  two  particular 
events. 

The  second  part  is  related  exclusively  to 
telephony  radio  links  FDM  - FM  of  medium  to  lar- 
ge capacity. 

It  gives  the  quantity  of  disturbances  produ- 
ced between  the  different  radio  links  of  normal  ca- 
pacities. 

Finally,  for  example,  a diagram  of  antenna 
radiation  utilised  for  the  realisation  of  a network 
system. 


Cet  article  de  caractkre  essentiellement 
pratique  traite  le  problkme  des  interferences  k partir 
de  r£sultats  exp£rimentaux  relev£a  sur  des  faisceaux 
hertziens  de  tlldphonie,  k multiplexage  par  repartition 
en  frequence.  (FDM  - FM). 

11  comprend  deux  parties.  La  premikrp,  de 
caractkre  trfes  g£n£ral,  est  applicable  k tous  les  fais- 
ceaux k modulation  de  frequence.  Elle  traite  successi- 
vement  de  : 

s Organisation  type  des  liaisons  et  Iquipements. 


s Action  dee  perturbateurs  sur  le  foncti onnement  des 
dquipements  (capture  du  CAG  et  des  limiteurs)  et 
sur  les  performances  globales  (bruit  aprfcs  demodu- 
lation). 

s Procddes  utilises  pour  minimiser  Faction  des  per- 
turbateur s. 

s Calcul  du  niveau  des  perturbateurs  k partir  des  dia- 
gr amines  d'antenne  et  application  k deux  cas  parti- 
cullers. 

La  deuxikme  partie  se  rapporte  excluslvement 
aux  faisceaux  hertziens  de  tlllphonie  FDM  - FM  k 
moyenne  et  grande  capacity,  Elle  donne  les  rlsultats 
de  mesure  de  perturbations  rdciproques  entre  diffd- 
rents  faisceaux  de  capacitls  normalities,  Enfin  elle 
donne,  k titre  d'exemple,  le  diagramme  de  rayonne- 
ment  d'une  antenne  utilisle  pour  la  realisation  d'un 
rdseau  mailH. 


• Origine  des  perturbateurs. 


PARTIE  I. 

1.  - ORGANISATION  DES  LIAISONS  ET  DES  EQUIPEMENTS. 


1.1.-  Organisation  de»  liaisons. 


Une  des  caracttristiques  du  Faisceau  Hertzien  eat  qu'il  utilise,  comme  vecteur  support  d'infor- 
matlon,  des  ondes  It  frequence  Clevis  se  propageant,  en  premikre  approximation, comma  la  lumlkre.  De 
ce  fait  une  liaison  hertzienne,  au  sens  habltuel  du  terme,  eat  constitute  par  une  strie  de  liaisons  mises 
bout  It  bout,  liaisons  dont  les  extrtmitts  sont  en  visibility  optique. 


Ces  liaisons  sont  en  gtntral  tquiptes  de  plusieura  :anaux  bilattraux  et  forment  un  rtseau  maillt 
comportant  un  nombre  d'tmetteurs  rtcepteurs  beaucoup  plus  grand  que  le  nombre  de  frequences  disponi- 

bles.  Cecl  conduit  k des  risques  d'interftrences  que 
l'on  s'efforce  do  minimiser  par  l'emploi  de  plans  de 
frequence  trks  stricta  et  par  un  choix  judicieux  de 
1' emplacement  des  stations. 


Plan  de  frequence  normalise. 
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Demi  bande  basse 
Demi  bande  haute 


f = fo  - 208  + 29  n 
n 

f^  = fo  + 5 + 29  n 
Plan  de  frequence  d'un  ensemble  de 
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Les  figures  ci-contre  montrent  k titre  d'exem- 
ple  le  plan  de  frequence  nc,malise  dans  une  bande  den- 
ude (3,9  - 4,2  GHz)  et  l'arrangement  des  frequences 
utilise  pour  un  ensemble  de  stations.  On  remarquera 
qu'une  station  tenet  tou jours  dans  une  demi bande  et 
reqoit  dans  l'autre.  (paritt  des  stations)  ce  qui  impli- 
que  que  toutes  les  mailles  d'un  rtseau  uient  2 p cOtts. 
On  remarquera  tgalement  que  la  seule  protection  con- 
tre  les  perturbations  issues  d'une  station  adjacente 
est  assurte  par  le  dtcoupla^e  d'anter.ne,  caracttristi- 
que  qui,  dans  un  rtseau  maillt,  prend  souvent  le  pas 
sur  la  caracttristique  de  gain. 


1.2.-  Organisation  type  des  tquipements. 


! 
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Le  schema  ci-contre  montre  les  fonctions  essentielles 
d'un  ensemble  tmeUeur-rtcepteur  de  faisceau  hertzien  ainsi 
que  ses  caracttristiques  principales. 


Filtres  SHF  Bande  maximum  compatible  avec  la  rejection  des  canaux  voi- 
sins  transmis  sur  le  mime  guide,  (canaux  de  mime  paritt) 
Nombre  de  cavitts  determine  de  fa;on  a tliminer  les 
htttrodyne8  et  frtquences  images. 


Mtlangeurs  d'tmission  ou  reception. 


Oscillateurs  locaux, 

Filtre  FI  Bande  maximum  compatible  avec  la  rejection  des  signaux  qui 
n'ont  pas  pu  ttre  tlimints  par  les  filtres  SHF. 

Ampliflcateur  k frequence  intermtdiaire. 


Filtre  FI  Limitation  de  la  bande  de  l'AFI. 


Correcteur  de  temps  de  propagation  de  groupe. 


2.  - ORIGINE  DES  PERTURBATEURS  DANS  UN  SYSTEMS  HERTZIEN. 

L<e«  perturbations  relevees  sur  une  liaison  rdelle  peuvent  8tre  classees  en  deux  sortes. 

a) -  Perturbations  du  systhme  par  lul-m8me. 

b) -  Perturbations  dues  kla  presence  de  liaisons  volsines. 

La  premikre  famille  de  perturbations  est  dlimlnde  lors  de  l'dtude  du  materiel.  C'est  elle  qui 
Impose  les  carsctdristlques  des  divers  filtres,  et  k ce  titre  ressort  de  la  conception  du  materiel. 

La  deuxlkme  depend  des  caractdrlstiques  topographlques  des  liaisons  et  des  antennes  utilises*. 
A ce  titre  elle  ressort  de  la  conception  de  la  liaison. 


2.1.-  Perturbations  du  systkme  par  lui-mtme. 


Ce  type  de  perturbations  n'intdresse  pas  directement  l'lngdnieur  d'dtude  de  liaisons.  Aussi  soul 
le  cas  typique  des  perturbations  par  heterodyne  reception  est-il  donnd  k titre  d'exemple. 


AlrtMrc 


L'examen  du  systkme  ci-contre  (faisceau  k 4 GH«)  montre  que 
la  frequence  OLR  du  canal  3 est  k 12  MRs  de  la  frequence  du  csunal  1 et, 
de  ce  fait,  se  situe  dans  la  bande  du  rdcepteur  du  canal  1.  Cette  fre- 
quence est  normalement  eiiminde  par  les  filtres  et  le  clrculateur  de 
branchement  du  canal  3.  Si  leur  attenuation  etait  insuffisante,  11  con- 
viendrait  d'inserer  un  attdnuateur  unidirectionnel  au  point  A. 


2.2.-  Perturbations  dues  k la  presence  de  liaisons  volsines. 

Ces  perturbations  proviennent  presque  toujours  des  signaux  parasites  captds  par  les  antennes  et 
tombant  dans  la  bande  p&ssante  des  rdcepteurs. 

Elies  dependent  essentiellement  des  paramitres  suivants  : 

a Caractdriatiques  de  rayonnement  dee  antennes. 
e Trace  des  liaisons, 
e Plan  de  frequence. 

Le  schema  cl-dessous  reprdsente  un  exemple  de  liaisons  et  les  perturbations  susceptibles  de  se 
produire  sur  la  liaison  A - ■ » B. 
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Ces  perturbations  peuvent  8tre  classees  en  trois 

categories. 

a) -  Perturbations  de  la  liaison  sur  elle  -me  me  par  rayonnement 

arrikre  des  antennes. 

b) -  Perturbations  de  la  liaison  sur  elle-mdme  par  surpasse- 

ment  de  deux  bonds. 

c) -  Perturbations  par  une  autre  liaison  due  au  rayonnement 

diffus  des  antennes. 


En  gknyral,  dan*  une  station 
relais  let  dmetteurs  travaillent  k la 
mtme  frequence. 

Dans  cea  conditions  le  rayonne- 
ment  arrlhre  do  l'antenne  a est  captke 
par  l'antenne  x.  De  mtme  l'antenne  a 
revolt  une  fraction  de  rayonnement 
dmis  par  xx. 

La  parade  k ce  type  de  perturbation  peut  #tre  obtenue  de  la  manlkre  suivante  : 

e Adoption  d'un  plan  k 4 frequences,  mals  dans  ce  cas  le  nombre  de  canaux  radioklectriques  est  rkduit 
de  moitid, 

• Adoption  d'antenne  k hautes  performances, 

2.2.2.  - Perturbations  par  surpassement. 
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perturbation* 


Tno4  da  la  llaiaon 


Cette  perturbation  rdsulte  de  la  captation  par  l'antenne  x d'une  partie  du  rayonnement  dmis  par 
l'antenne  y situke  trois  stations  en  amont. 

La  parade  k ce  type  de  perturbation  peut  6tre  obtenue  de  la  manlkre  suivante  : 

e Choix  de  l'emplacement  des  stations  de  fagon  k ce  qu'elles  ne  soient  jamais  en  visibility  radioklectrique. 

(Stations  A et  B skparkes  par  une  colline,  et  pylOne s de  hauteur  minimum), 
e Choix  de  l'emplacement  des  stations  de  fa 5 on  k augmenter  lea  angles  0 j et  0 ^ pour  augmenter  le 
dkcouplage  des  antennes  x et  y. 
e Adoption  d'antennes  k hautes  performances. 

Remarque  sur  la  visibility  radio  dice  trique. 

La  zone  de  visibility  radioyiectrique  est  d’autant  plus  ktendue  que  le  point  choisi  pour  la  station 
est  un  point  haut.  Lora  de  l'ytude  du  track  d'une  liaison  on  peut  6tre  amend  k abandonner  un  point  trks  , 

haut,  tout  k fait  favorable  k la  propagation  du  faisceau  principal,  au  profit  d'un  point  moins  dkgagk  mais 
dont  la  "sftne  de  pollution"  est  moindre. 

2.2.3,  - Perturbations  d'une  liaison  par  d'autres  liaisons. 

Ce  type  de  perturbations  ae  produit  essen- 
tiellement  sur  les  bonds  ayant  une  extrkmitk  com- 
mune. II  est  de  mtme  nature  que  les  perturbations 
par  rayonnement  arrikre  et  a pour  cause  le  rayon- 
nement diffus  des  antennes, 

Le  rayonnement  diffus  ktant  d'autant  plus 
klevk  que  l'angle  entre  deux  liaisons  est  faible,  il 
convient  de  porter  une  attention  particulikre  k ce 
type  de  perturbations. 

Dans  certains  cas,  le  seul  remkde  rkside 
dan*  l'emploi  de  plan*  de  frkquence  intercalate.  - 
cf.  chapitre  4. 


3.  - ACTIONS  DES  PERTURBATEURS, 

Avant  lithitation  les  signaux  "utile"  ( Au*  ) et  "perturbateurs"  ( Apr  ) se  combinent  vectorielle- 
ment  pour  donner  un  signal  modulk  en  amplitude  et  en  phase  ( R**  ). 

La  modulation  d'amplltude  peut  agir  sur  le  comportement  du  CAG  et 
des  limlteurs.  La  modulation  de  phase  introduit  un  signal  qui  peut  6tre  rkpa- 
ti  dans  toute  la  bande  - cas  gknkral  - ou  centrk  sur  une  seule  frk«>':.»nce  - 
signal  utile  et  signal  perturbateur  non  modulk, 

Outre  la  dlaphonie  qu'il  introduit  ce  signal  risque,  dans  certains  cas  de  saturer  les  ampUficateurs 
en  bande  de  base. 
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3.1.  - C»ntur>  du  C.  A.G. 


3.2. 


Dana  un  ampliflcateur  a frequence  intermddlalre  la  commands  de  gain 
at  la  commands  de  r4g4ndratlon  obdissent  k l'amplitude  globale  du  aignal  re;u. 

Si  la  parturbataur  aat  au-dessus  du  aaull  da  rdgdndration  at  ai  aon  am- 
plitude dovient  supdrleure  k celle  du  aignal  utile,  la  rlcepteur  paut  ae  caler  aur 
la  parturbataur  aana  qua  lea  dquipements  d'extrdmitds  puiaaant  ddceler  cetta 
aubatitution.  ^ 

En  fait  ca  caa  eat  un  "caa  d'dcola"  car  la  capture  du  CAG  a lieu  pour  un 
niveau  baaucoup  plus  falble  qua  la  niveau  da  capture  dea  llmitaura,  lui-m«me 
infdrieur  ftu  niveau  de  rdgdndration.  II  n'y  a done  paa  lieu  d'en  tanir  comp  to 
dan  a l'dtude  d'une  liaiaon. 


- Capture  dea  llmitaura. 


En  prdaence  da  bruit  blanc,  lea  limltaura  fonctionnant 
corractamant  juaqu'k  un  rapport  aignal  aur  bruit  de  10  dE  en- 
viron. A ce  rapport  aignal  aur  bruit  correspond  une  puiaaanca 
de  reception  qui  eat  la  puissance  minimale  admissible  ou  puis- 
sance de  aeuil  en  modulation  de  frequence. 

En  presence  dea  perturbateurs  cette  puissance  minimale 
augmente  et  reate  toujoura  supdrleure  k la  puissance  de  aeuil 
et  k la  puissance  du  ou  dea  perturbateurs. 

Lea  figures  montrent  Involution  du  rapport  signal  sur 
bruit  dans  une  voie  tdldphonique  do  k la  deterioration  du  fonc- 
tlonnemant  dea  limi tours  en  presence  de  perturbateurs, 

LEGSNDE, 

a Fenktre  de  me  aur  e 4 kHa  centrde  k 70  kHa  ou  4 MHa, 

a Ai  200  kHa  eff. 

a Pr  puissance  de  reception. 

a N = *5  KTB  (Bruit  blanc  avant  limitation). 

a Conditions  da  mature  fig.  A et  fig.  B,  Un  aeul  parturbataur 
k 1 4 MHa  environ  aux  niveaux  suivanta  : 

- PI  = O pour  lea  courbea  1. 

- PI  = N pour  lea  courbea  2. 

- PI  = 10  N pour  lea  courbea  3. 

a Conditions  de  mesure  fig.  C.  Deux  perturbateurs  symdtriques 
k 14  MHa  environ  aux  niveaux  suivanta  : 

- PI  = P2  = O pour  la  courbe  11. 

- PI  = P2  = N pour  la  courbe  12. 

- PI  s PZ  = 10  N pour  la  courbe  1 3. 

En  premikre  approximation,  -et  pour  un  nombre  limite 
de  perturbateurs,  on  peut  admettre  que  lea  limiteurs  fonction- 
nent  correctement  lorsque  la  relation  suivante  eat  vdrifide. 

Ur  - I Up  ^ 10  Ub 

a Ur  Ten  lion  du  aignal  utile, 

a Up  Tension  du  signal  perturbateur. 
e Ub  Tenaion  dificace  de  bruit  thermique. 

En  pratique  on  utilise  plutot  la  formule  auivante  un  peu 
moins  precise  mala  plus  commode  d'emploi. 

Pr  ;>  10  (N  + iPp). 

Lea  figures  ci-aprks  montrent  Involution  de  Pr/N  en 
fonciion  du  nombre  de  perturbateurs  dans  lea  deux  caa  particu- 
lars auivanta  : 

a)-  Puissance  de  cheque  perturbateur  dgale  au  bruit  thermique 
(Pp  = N =7  KTB  ; Up  = Ub). 


b)-  Puissance  de  cheque  perturbateur  6 gale  k 10  N 
(Pp  = 10  N ; Up  * VlF  Ub). 
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tft/NI  a pour  Pp  - 10  N 


Ur  - X Up  > Vio  Ut> 
f»«10(N  + Sfp|  *0 


3.  3.  - Perturbation*  aprks  demodulation. 

Aprks  demodulation,  les  perturbations  resultant  de  l'lnterference  d'un  signal  utile  et  d'un  signal 
parasite  peuvent  #tre  classees  en  deux  grandes  categories, 

e Perturbation  1 frequence  pure  due  au  battement  de  deux  ondes  non  moduldes. 

e Perturbation  rdpartie  dans  toute  la  bande  due  au  battement  de  deux  ondes  dont  l'une  au  moins  est 
module  e, 

frequence  pure  (ou  " s if  fie  t te  " ) . 

- Spectre  avant  limitation 
fu  = Ma  = frequence  du  signal  utile 

i 2 n 

ip  = dip  = frequence  du  signal  parasite 

I > . m 

«u  fp  - Spectre  aprks  demodulation 

F = fu  - fp  : frequence  de  la  perturbation 
= wu  - wp 


|M  - Op)  t 


• Diagramme  de  Fresnel  des  signaux  avant  limitation 

• Hypothkse  Ap  Au 

• LS  |jf  = modulation  de  phase  perturbatrice 

• A 0 = Ap  sin  (wu  - wp)  t = Ap  sin  77  t 

Au  Au 

• df  = modulation  de  frequence  rdsultante 

P 

• df  = 1 d (A0)  = Ap  fl  cosHt  = 

P ITT  dt  Au  2/7 

Ap  F cosf)  t 
Au 

• f = excursion  de  frequence  rdsultante  = Ap  x F 

P Au 

• fc  = excursion  de  frequence  produite  par  le  signal  de  test  k la 

frequence  F.  (excursion  de  la  voie  consideree). 


Rapport  signal _sur_ b r^^cM£espondan t_: 

S = ( Afc  / _Ap_  F )2  Pu 

B V / Au  ' P 


( Afc  f 

F 


soit  en  dB.  — a» S = Pu  - Pp  + 20  log  ( Afc  ) 

B F 

Les  relations  prdcedentes  montient  que  1' amplitude  de  la  raie  parasite  est  d'autant  plus  grande  que 
( fu  - fp)  est  eievd.  Correspondent  k un  cas  thdorique,  surtout  depuis  l'emploi  de  la  dispersion  d'energie, 
elles  servant  essentiellement  k verifier  que  les  amplificateurs  en  bande  de  base  ne  sont  pas  saturds. 
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Perturbation  r6partie  dans  tout#  U bands. 


L’approche  math4matique  da  ce  type  da  perturbation  dtant  aaaaa 
difficile,  at  laa  rdeultata  relavda  an  laboratolra  dtant  expose*  dana  la 
phaae  II,  la  present  chapltra  aat  llmltd  k l'aapect  qualltatlf  du  phdnornkna. 

- Spectra  avant  limitation  (aignaux  utile  at  perturbateure  modules). 


MHs 

- Repartition  du  bruit  dana  la  bande  da  baaa  aprka  demodulation 
F = fu  - fp 


- Bruit  dana  une  vole  teidphonique  an  fonctlon  de  l'dcart  fu  - fp. 

a Signaux  aana  dlaperaion  d'dnergle. 

©- 
©• 

0 FI  F2  hj  • fp 

Rdaultata  pratique  a. 

a Le  bruit  eat  maximum  pour  la  voie  de  frequence  centrale  (fu  - fp). 

a La  aurcharge  dea  amplia  an  bande  da  baaa  aat  voiaine  de  crlla  obtenue  avec  un  perturbateur  k frequence 
pure. 

a Le  rapport  aignal  au."  bruit  dana  une  voie  tdldphonlque  eat  donnd  par  la  formula  : _S_  dB  = Pu  - Pp  + a 
a : Coefficient  de  protection  da  modulation  dependant  de  paramktres  auivanta  B 
(Cf.  partie  n). 

a Nature  dea  aignaux  interfdrant 
a Ecart  de  frdquenca  fu-fp. 

a Frequence  de  la  voie  tdKphonique  conaiderde 

a Lea  bruita  dua  k pluaieura  perturbateure  a'ajoutent  "an  puissance", 

a La  formula  dormant  le  bruit  de  perturbation  eat  da  m*me  nature  q,e  celle  dormant  le  bruit  thermlque  de 
propagation.  II  peut  e'en  aulvre  une  modification  du  aeuil  k 10°  p 'H  ai  celui-ci  ae  produit  avant  le  aeull 
de  modulation  de  frequence  (960  - 1800  - 2700  voiea). 


Voie  de  meaure  k la  frequence  Fl. 
Voie  de  meaure  k la  frequence  F2. 


4.  - PROTECTION  CONTRE  LES  EFFETS  DES  INTERFERENCES. 

a Dispersion  d'dnergie.  ' 

a Plana  de  frequence  intercalaire, 

4.1.-  Dispersion  d'dntrgie. 

Dana  lea  faisceaux  k grande  capacitd  et  dana  lea  faiaceaux  k faible  capacity  peu  charges,  une 
grande  partie  de  I'energie  reste  concentrde  aur  la  porteuae. 

Spectre  d'une  onde  modul£e_ £ar_180£_yoie£. 

Iv'interference  de  deux  aignaux  de  ce  type  donne,  aprka 
demodulation,  les  deux  types  de  perturbations  mentionndea  dans 
le  chapitre  precedent. 

% Perturbation  k frequence  pure  n'affectant  qu'une  seule  voie 
mail  dont  le,  coefficient  de  protection  de  modulation  a peut 
^devenir  ndgatif  ai  l'dcart  de  frequence  entre  les  oorteuses  eat 
auffisament  grand. 

e Perturbation  rdpartie  dans  la  bande  dont  le  coefficient  a est 
toujours  positif  dans  lea  configurations  habituelles. 


Signal  de  dispersion  d 'dnergie, 

L'emploi  de  la  dispersion  d'dnergie  "permet"  d'dtaler 
les  perturbations  du  premier  type  aur  un  grand  nombre  de  voles 
et  de  ramener,  dana  les  configurations  habituelles,  le  coefficient 
(X  k une  valeur  positive. 

La  dispersion  d'dnergie  pent  8tre  obtenue  en  surirr.posant  an  signal  multiplex  un  signal  en  dent  de 
scie,  d'une  centaine  de  hertz,  provoquant  une  excursion  de  frequence  de  quelques  centaines  de  kilohertz. 


Les  figures  ci-dessous  montrent  l'influence  de  la  dispersion  d'dnergie  sur  la  repartition  du  bruit 
dans  la  bande  de  base. 


Sans  dispsislon  d'fmrgU 


Awe  d I spars  I on  d'Sneryis 


4.  2.  - Plans  de  frdouence  intercalaire. 

La  figure  ci-dessous  montre  l'emplacement  relatif  des  canaux  du  plan  normal  et  du  plan  interca- 
laire dans  une  bande  de  frequence  donnde. 
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L'dcart  entre  les  porteuses  du  plan  normal  et  du  plan  intercalaire  est  voisin  de  14,  5 MHz  dans  les 
bandes  4 et  6,2  GHz  et  est  de  20  MHz  dans  la  bande  des  6,  7 GHz. 

La  valeur  de  cet  dcart  fait  que  les  "perturbation  k frequence  fixe"  entre  plan  normal  et  plan  inter- 
calaire tombant  au-delk  de  la  bande  de  base  et  les  "perturbations  rdparties"  dans  le  haut  de  la  mtme 
bande.  De  plus  elle  autorise  pour  les  capacitds  infdrieures  ou  dgales  k 960  voies  un  filtrage  complfmen- 
taire  dliminant  une  grande  partie  du  spectre  du  signal  perturbateur.  L'adjonction  de  ce  filtrage  cempld- 
mentaire  ne  doit  se  faire  que  dans  les  stations  ok  il  est  indispensable  car  elle  Be  traduit  par  une  ldgkre 
augmentation  de  la  diaphonie  due  k la  reduction  de  bande  du  rdeepteur. 

Ndanmoint,  l'emploi  des  plans  norms ux  et  intercalaires  avec  filtrage  compldmentaire  permet  la 
realisation  de  deux  departs  faisant  entre  eux  un  angle  pouvant  atteindre  une  dir.aine  de  degree. 


5.  - CALCUL  DES  SIGNAUX  PERTURBATEURS. 

Le  ealeui  des  slgnaux  perturbateur e fait 
intervenir  les  caractdristiquee  dc  rayonnement 
des  antennes. 

Celles-ci  sont  en  general  donnde » sous 
forme  d'un  gain  par  rapport  k l'antenne  isotrope, 
d'un  diagramme  de  rayonnement  en  polarisation 
directe  et  d'un  diagramme  de  rayonnement  en 
polarisation  croisde. 

La  figure  ci-contre  donno  un  example  de 
ces  diagrammed. 

L'examen  des  diagrammes  ci-contre  mon- 
tre que  le  decouplage  en  polarisation  est  en  gene- 
ral supdrieur  au  ddcouplage  en  polarisation  direc- 
te et  que  leur  difference  diminue  jusqu'k  pratique - 
ment  s'annuler  lorsqu'on  s'dcarte  de  l'axe  de 
I'antenne. 

Du  fait  de  deux  diagrammes  de  rayonnement  (polarisation  directe  ou  croisde)  k remission  et  k la 
rdeeption  il  existe  entre  deux  antennes  qu&tre  chemins  de  propagation  correspondant  aux  configurations 
suivantes  : 


Emission  en  polarisation  2 : 
e Rdeeption  en  polarisation  1 . 


Emission  en  polarisation  1 : 
e Reception  en  polarisation  1. 

e Rdeeption  en  polarisation  2,  e Rdeeption  en  polarisation  2. 

Les  exemplaires  donnds  ci-aprks  montrent  le  comportement  de  deux  antennes  fonctionnant  sur  la 
mtme  polarisation  et  sur  des  polarisations  croisdes. 


s ^bOie«_u  UU  a i * . 
Ae 
Ar 


G1  - G2 
D1  - D2 
dl  - d2 
A 


Antenne  demission 
Antenne  de  reception 

Signaux  correspondant  k la  polarisation 
directe. 

Signaux  correspondant  k la  polarisation 
croisde. 

Gain  des  antennes. 

Ddcouplage  en  polarisation  directe. 
Ddcouplage  en  polarisation  croisde. 
Attenuation  de  rotation  de  polarisation. 


Evaluation  relative  des  diffdrents  signaux  re9us? 

1 ► G 1 + G 2 - (Dl  + D2)  3 ► Gl  + G2  - (A  + Dl  + dz) 

2 a.  Gl  + G2  - (dl  + d 2 / 4 ► Gl  + G2  - (A  + dl  + D2) 

Par  suite  de  la  presence  da  terme  A les  signaux  3 et  4 sont  beaucoup  plus  faibles  que  l'ensemble 
des  signaux  1 et  2 et  peuvent  etre  n£glig£s, 

En  posant  dl  = Dl  +0"!  et  d2  = D2  + O'  2,  l'expression  des  signaux  re^us  devient  : 

1 ► Gl  + G2  - (Dl  + D 2 ) 

2 ► Gl  + G2  - (Dl  + D 2 ) - (rtl  +o£2  ) 

Le  signal  preponderant  est  le  3ignal  1 et  ce  d'autant  plus  que  l'on  est  proche  oes  axes  des  antennes, 
c'est-k-dire  que  Dl  et  D2  tendent  vers  zero, 

A nten^^_foncJi^nnan  t.  en_  09  lari  » atton_cr  ois^  e, 


E yaluatio n_de s^ _diff_e_renty  signaux  regu 9. 

1 —*»  Gl  + G 2 - (Dl  + d2  ) 

2 ► Gl  + G2  - (dl  + D 2 ) 


3 * 

► Gl 

+ G 2 

- (A  + Dl 

+ D 2 ) 

4 ■ » 

» Gl 

+ G 2 

- (A  + dl 

+ d2  ) 

Par  suite  de  la  presence  du  terme  A les  signaux  3 et  4 sont  beaucoup  plus  Jtaibles  que  l'ensemble 
des  signaux  1 et  2 et  peuvent  etre  negliges. 


Tessas. 


En  posant  dl 

= Dl  + 

1 et  d2  = 

D2  + 

2,  1 

G 1 

+ G2 

- (Dl  + 

D2) 

-oC  2 

G 1 

+ G2 

- (Dl  + 

D2) 

-<*  1 

2,  1' expression  des  slgnaux  re^ua  deviant  : 


1 
2 

Le  signal  preponderant  eat  celui  pour  lcquil  le  terme  cf.  eat  plua  iaible.  Dana  le  caa  d'anteanes 
identiquea,  il  correapond  au  caa  ou  l'on  eat  le  plua  dloignd  de  I'axe,  c'est-k-dire  k la  plua  grnnde  valeur 
de  0. 

Relation  utilises  en  pratique. 

En  pratique  deux  caa  aont  & considdrer  : 

e Une  dea  antennea  eat  dana  I'axe  de  l'autre. 
e Aucune  dea  antenaea  n'eat  dana  I'axe  de  l'autre. 

a) - Caa  ott  une  dea  antennea  eat  dan  s i1  axe  de  l'autre  (Dl  = O), 

Ce  caa  eat  le  plus  courant  car  c'est  le  caa  de  atations  adjacentes. 

e Polarisation  directe  D2 

e Polarisation  croisde  d?,  = D2  +oC  2 

En  toute  rigueur  il  convient  de  prendre  la  plua  petite  dea  valeur  a 
(D2  +0(2)  ou  (D2  + 0(1)  ; maia  compte  tenu  dea  caractdristiquea  d'antcwea 
et  de  la  valeur  non  nulle  de  l'angle  &Z,  cC  2 ert  preaque  toujour s supdrieur 
k cC  1 mtme  ai  lea  antennea  ne  aont  paa  identiquea. 


b)- 


C a s_  ou.  aucune.  des_anteime  a_  n^e^t_daira  _l'_axe_  de_  P autre, 

Ce  caa  correapond  en  gdndral  aux  perturbations  par  aurpaasement 
ou  aux  perturbations  entre  liaisons  voisines. 

8*  > 8i. 


A 1 


A 2 


e Polarisation  directe 
e Polarisation  croisde 

- Antennea  identiquea 

- Antennea  diffdrentea 


Dl  + D2 
D1  + D2  + cC  2 


Dl  + d2 


Dana  ce  caa  il  convient  de  prendre  la  plus  petite  des  valeura  (Dl  + d2  = Dl  + D2  +0(2)  ou 
(D2  + dl  = Dl  + D2  +0C1),  c'est-k-dire  celle  qui  correapond  k la  valeur  minimum  de  8. 

6.  - CALCUL  DES  PERTURBATIONS  DANS  QUELQUES  CAS  CARACTER1STIQUES. 

Deux  cas  aont  envisages  : le  caa  de  la  station  oil  aboutis- 
sent  uniquement  dea  liaisons  1.800  voies  et  le  cas  de  la  station 
ok  aboutissent  uniquement  des  liaison'  960  voies,  Tous  lea 
bonds  aont  supposes  avoir  la  mtme  I gueur  (45  km)  et  utiliser 
dea  antennea  identiquea  offrant  un  ddcouplage  de  64  dB  ausai 
bien  en  polarisation  directe  q Jen  polarisation  croisde.  Le  cal' 
cul  ports  essentiellement  sur  Involution  du  bruit  et  du  aeull  en 


a/saa 


Station  1S00  wo  inn 


fonction  du  nombre  de  perturbateura 

(n). 

S'tat^rne, 

ijj>0P_VOi*B_ 

960  voies 

e Longueur  du  bond 

km 

45 

45 

e Longueur  des  feeders 

m 

50  | 50 

50  50 

e Puissance  dmission 

dBm 

42 

30 

e Attdnuation  de  propagation 
k 6 GHa 

dB 

141,3 

141,3 

e Pertes  de  branchement 

dB 

5.4 

5,4 

e Pertea  feeders 

dB 

5 

e Gain  des  antennea 

dB 

44  44 

44  J 44 

e Attdnuation  entre  E et  R 

dB 

63,7 

63,  7 

e Bruit  de  rdfdrence 
( = 8 dB). 

dBmop 

- 102,2 

- 111,2 

e Puissance  de  aeuil  (lO^pW 
dans  4 kHs) 

dBm 

- 68,6 

- 77,6 

e Puissance  de  rdception 

dBm 

- 21,7 

- 33,7 

e Puissance  de  aeuil  FM 

dBm 

- 80 

. 80 

2 


• Rapport  signal/bruit 
thermique 

dB 

1 800  voles 
80,  5 

960  voles 
77,5 

• Bruit  thermique  de 
reception 

pW 

9 

18 

6 

• Merge  eu  eeuil  10  pW 

dB 

46,9 

43.9 

• Protection  de  modulation 

dB 

20 

22 

a D4couplage  d'anter.ne 

dB 

64 

64 

• Puleaance  d'un  pertur- 
bateur 

dBm 

- 87,5 

- 97.7 

• Rapport  signal  sur 
perturbation 

dB 

84 

86 

• Bruit  ictroduit  par  un 
perturbateur 

pW 

4 

2.5 

• Bruit  total  pour  n per- 
turbateur 

pW 

9 + 4 n 

18  + 2,  5 n 

21-12 
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BATION  REPARTIE  DANS  LA  BANDE. 


Lea  reaultata  donnea  ci-aprha  aont  d«a  rdaultata  expdrimentaux  ae  rapportant  aux  faiaceaux  da 
tdldphonie  FDM  - FM  k moyenne  et  grande  capacity.  (de  600  k 2 700  voiea).  II a ont  ltd  obtenua  k partir 
du  montage  auivant. 

. . I Emetteur  de  dlaphonomktre. 

I Ummrn  a*  -“-f »-  I 

■ | — — ■ Modulateur, 

1 m m t m , 

_T  | **ca*an»  T Attdnuateur. 

IrtCsLi  IS  LI  o I „ r /'I  0 Ddmodulateur 


Recepteur  du  dlaphonomktre. 


Condltiona  de  meaure.  Notation*  utiliedee. 

• Excuraion  de  frequence  400,  200,  140  kHs  eff.  auivant  la  capacitd. 

• Charge  du  multiplex  : - 1 5 + log  N (N  = nombre  de  voiea) 

• Prdaccentuation  : + 4 dB  (aelon  avia  du  CCIR) 

• AF  dcart  de  frequence  entre  lea  aignaux  utilea  et  perturbateura. 

• A.  Niveau  par  rapport  k la  porteuae  non  modulde  (bande  de  meaure  25  kHa), 

• aC  protection  de  modulation  - valeur  ponddrde. 

e Valeura  relevdea  aana  diaperaion  d'dnergie  ce  qui  explique  la  prdaence  d'une  crfete  lorsque  l'dcart  de 
frequence  AF  eat  dgal  k la  frequence  de  la  fendtre  de  meaure. 


1.  - PERTURBATION  D'UN  I'IGNAL  A 600  VOIES  PAR  UN  SIGNAL  A 600  VOIES. 


1.1.-  A J_=_200 _k Hi _ e f { . tpactra  da  I'anda  moduUa  butt  an  pdwn  d'un* 

Voie  2.  438  kHa  P«t-re.^-a.» 

AF  « 0 ,</  27  dB  fAd*  mM 

, 10  f 10  . 

A f =7  MHi  # 38  dB 

A I =14MHi  > 45  dB  *0-  \ *4  yx  / 


70  - Frequence  centrale  de  la  fendtre  de  meaure. 


1.2.-  Aid  400  kHa  off, 

Voie  2.438  kHs 
A F = 0 <L  # 27  dB 
A F = 7 MHs  d # 35  dB 
AF  =14  MHs  d > 45  dB 


i*L pr<oenco  d'un  parturbateur  non  moduli 


j Af  = 0 Vole  534  kHz  «f  # 24  dB 

j,  12.  150  kHz  dC  # 2?  dB 

f 5.  - PERTURBATIONS  RFCIPROQUES  ENTRE 

SIGNAUX  DE  NATURE  DIFFERENTES 

1 960  votes  — » 1.800  vole* 

2 1.800  voiee  ■"»  960  voiei 

3 960  voiea  — — »■  2.  700  voiea 

4 2. 700  voiea  » 960  voiea 

Lea  meaurea  auivantea  ont  6t<  effectulea 
pour  dea  Icarta  de  frequence  (AF)  fixea,  caractl- 
riatiquea  dea  plana  5,  9 - 6, 4 GMi  et  6,  4 -7,1  GH*. 


Bruit  an  nrdaence  ^iuj j>j£tu£bat«ur_ m_odul< 


oC  # 20  dB 


5.1.- 

960  ■» 

lj  800 

5 

. 3. 

- <£60 

zjoo 

K 

Af  =o 

I m dB 

20 

1 

iX 

20 

» 

1 

l\ 

V 

A F - 20  MHi 

> 

10 

' l i 

I1  y 

1 

<ci 

AF  = 0 

1 J 

IS 

ii 

i 

I'  A F - 14.0  MHt 

90 

'sj 

1 > 

/T 

7 

a; 

40 

1 / 

7 

Si 

40 

i 

l/ 

Si 

Nl 

1 

_LL  _ 

i 

i i 

_aa 

i 

i i 

r, 

i 

1 

i 1- 

00 

Af 

0 

a 

■ * 

0 

i 

10 

• MHi 

= 0 

Af  = 14.  5 MHi 

Af  = o 

Af  * 

20  MHz 

Voie  534  o C # 

20  dB 

Vole  534 

- # 

20  dB 

voie  3886  oC  4 

16  dB 

3886  rtf  4 40  dB 

Voie  3886 

OC  4 

15  dB 

8000 

y 4 

Voie  8000  oC  # 

27  dB 

8000  y 4 27  dB*1 

Voie  12150 

y 4 

30  dB 

12520 

* # 

29  dB 
25  dB 


5.2.-  1.800 


_$6g 


5.4.-  2 J700 ^ *.J?60^ 


30 

10 

40 


Af 


4-^ 


= 0 


OM0 


A F - 14.0  MHi 


Af 


Vole  534  oL  4 22  dB 

Vole  3886  # 27  dB 


MHi 

14,  5 MHi 

rtf  > 50  dB 
oC  4 48  dB* 


MHi 

= 20  MHi 

rtf  ]>  50  dB 
oC  > 50  dB 


*1.  Dana  le  caa  de  perturbatlona  600  -M  ■ Ml  800  volea,  cea  chiffrea  aont  plua  llevla. 

• Remerciementa,  - L'auteur  tient  A remercier  M.  Philippe  Legendre  Chef  du  aervice  Technique  dea 

falaceaux  hertziena  A grande  capacity  de  la  Thomaon-CSF  qui  lui  a fourni  la  plupart 
dea  meaurea  aervant  de  baae  A cat  article. 


DISCUSSION 

R.  OLESCHt  You  RMntioned  that  a white  noiaa  apectrum  was  assumed  In  your  choice  of 
the  factor  on  the  blackboard.  Should  the  FK  noiae  apectrum  not  be  parabolic  in 
frequency? 

F.  CROCONBETTEt  Prior  to  demodulation , the  noiae  apectrum  ia  a white  apectrum,  like 
in  amplitude  modulation.  Aftev  demodulation,  noiae  aaaumea  a parabolic  form  (aee 
equation  and  diagram  on  original  text) . In  frequency  modulation,  A4  ia  conatant,  which 
accounts  for  thia  parabolic  ahape. 
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SI  WARY 


Techniques  ire  described,  applicable  to  radar,  which  enhance  the  compatibility  of  multiple  systems  In 
limited  frequency  soace. 

8v  appropriate  combination  of  multlnle  freoueocles,  the  snectral  occunancv  or  a slnnal  can  he  reduced 
through  pulse  shaplnn,  without  sacrifice  In  ranoe  resolution.  This  method  Is  extended  to  continuous  wave 
radar,  resulting  In  sldelohe  reduction  without  amplitude  modulation.  » function  Is  defined  relatino  mutual 
Interference  of  two  svstems  In  terms  of  their  waveforms,  physical  and  sooctral  nroxlrltv,  and  is  used  as  a 
measure  of  Interference.  Ordinary  slnole  sideband  teehnloues  are  modified  and  aoolled  to  radar  to  reduce 
spectral  width.  Considerations  for  Intorlaclno  the  discrete  line  snectra  of  several  radars  are  nlven. 

They  Include  slnole  sideband  procession  of  unidirectional  donn'er  slonals  and  a sten  seannlne  scheme  which 
permits  Increaslno  the  allowable  pulse  rate. 

Experimental  results  and  applications  are  nlven. 

1 . INTRODUCTION 

The  conservation  of  the  electrnnaonetlc  snectrum  Is  of  vital  Importance,  since  available  freouenev 
bands  are  critically  limited.  This  shortaoe  Is  already  so  serious  at  the  lower  radar  frequencies  that 
allocations  are  virtually  unavailable  for  hlqh  resolution  radars.  It  Is,  therefore.  Imperative  that  spec- 
tral space  be  employed  at  the  qreatest  possible  efficiency. 

Interference  may  be  encountered  bv  a radar  due  to  direct  reception  of  another  radar's  emission  (via 
antenna  malnlobes,  sldelobes  or  combination  of  each).  It  mav  also  occur  as  reflections  from  tarnets 
which  were  Illuminated  by  the  second  radar. 

Methods  and  their  Imnlemen tat Ions  are  described  herein  which  reduce  Interference  In  several  wavs- 
First,  by  shaplnn  of  the  transmitted  waveform  (pulse  or  CW)  which  reduces  Interference  from  snectral  side- 
lobes,  hence  allows  qreater  snectral  proximity  between  two  radars:  secondly,  hv  decreaslno  the  transmitted 
spectrun  as  much  as  501  through  slnole  sideband  teehnloues:  thirdly,  hv  nrovldlno  technlnues  which  allow 
several  radars  to  share  the  same  band. 

2.  SPECTRAL  SIDE LOBE  REDUCTION 

a.  Principles  of  Pulse  Shaping 

The  usual  method  of  decreaslno  the  width  nf  the  radiated  soectrum  nf  a noise  radar  Is  to  share  the 
envelope  of  the  transmitted  oulse  by  fllterlno.  This  Is  difficult  at  radio  frenuencles  (&F)  for  radars 
with  tunable  transmitters  or  when  high  oower  levels  are  Involved.  Further,  this  annroach  does  not  offer 
a solution  for  continuous  wave  (CW)  radars.  A CW  radar  with  ranoe  resolution  Is  basically  similar  to 
ordinary  pulse  radar.  After  all,  the  former  waveform  can  be  considered  as  a sum  of  multiple  nulse  wave- 
forms. Both  use  time  coded  waveforms  which  oroduce  echoes  that  are  encoded  accordlnn  to  the  ranoe  where 
they  orlalnated.  Both  have  wide  frequency  spectra,  the  width  denendlno  on  the  resolution  achieved.  The 
term  "pulse"  Is,  therefore,  generalized  here  to  Include  both  waveforms.  Considerations  of  the  nn.pfe 
waveform  will  be  shown  to  provide  Inslqht  for  CW  radars  as  well. 

The  pulse  shaping  approach  considered  here  Is  based  on  the  principle  of  reduclnn  the  first  or 
nearby  sldelobes  of  a spectrum  from  a rectangular  oulse.  Bv  the  addition  of  another  soectrum,  annronrlatelv 
weighted  and  displace.)  In  frequency,  these  sldelobes  can  be  partially  cancelled.  Mthounh  other  sldelobes 
may  actually  Increase  In  this  procedure,  It  will  reduce  rather  than  Increase  the  spectral  occunancv  of  the 
resultant  signal.  A more  concentrated  snectrum  Is,  therefore,  obtained.  Thus,  by  comblnlno  nrdlnarv  rec- 
tangular pulse  signals  of  different  but  related  frenuencles  and  phase,  this  method  of  bandwidth  reduction 
effects  a shaping  of  the  spectrum,  hence  also  of  the  corresoomilnn  time  nulse.  In  the  freouenev  domain,  this 
process  may  be  represented  as  the  addition  of  s1-sh#ned  spectra  (si  x • (sin  x)/x)  In  such  a wav  that  the 
resulting  combined  spectrum  has  sldelobes  that  fall  off  at  a hloher  rate  than  those  of  the  soectr>  of  the 
component  pulse  signals. 

In  the  time  domain  the  pulse  shaoe  corresoondlnn  to  such  a composite  snectrum  will  he  In  oeneral 
of  the  form  cosn,  Its  shaping  (smoothness)  depending  on  n and  thereby  on  the  nuaber  of  comoonent  slnnals. 

b.  The  Rectangular  Pulse 

An  ordinary  rectangjlar  pulse,  contained  within  the  switching  function  S(t).  Is  the  slmnlest  mem- 
ber of  the  family  of  pulse  shapes  nlven  by  cos0,  l.e.,  cos0.  Assumlno  Its  amplitude  to  he  unitv,  its 
width  T and  Its  center  at  time  t ■ 0 (Flq.  la).  Its  snectrum  F0(w)  (subscript  corresoondlnn  tn  the  order 


of  smoothness)  will  be  nlven  by 

Jf-J.  F0(w)  ■ £$(t)  co$°wt  co*  wt  dt  • * ■ T si  (wT/2) 

Here  w represent*  redlen  frequency.  When  thl*  pulse  modulates  an  RF  carrier,  w , the  saw  spectrum  will 
e*1*t,  centered  at  w ■ wc>  It  Is  noted  that  for  this  spectrum  the  sldelobe  peals  fall  off  as  1/w. 

The  mutual  Interference  between  two  radars  depends  on  many  factors,  some  of  which  are  their  qlyen 
physical  separation  and  siting,  their  antenna  patterns,  power  levels,  receiver  sensitivities,  antenna 
alignment,  frequency  separation,  and  occupied  bandwidth*.  A mutual  Interference  function  I Is  defined  In 
Appendix  1.  ,c  represents  the  output  of  a particular  receiver  to  an  Input  conditioned  by  these  parameters. 
For  the  rectangular  pulse  I,  as  a function  of  the  spectral  separation,  m.  between  matched  and  received 
signals  Is  0 

1 * -"fr—  - (T/2)  s1(wdT/2) 

It  Is  apparent  that,  given  a fixed  T,  for  some  values  of  frequency  separation  (l.e.,  when  .nT/2  ■ k»; 
k • 1,2...)  the  Interference  approaches  0.  However,  various  Instabilities  as  well  as  neglect'd  Maher 
order  terms  and  the  geometrical  relation  between  radars  and  targets  make  a realization  of  this  choice  dif- 
ficult. Hence  the  "envelope"  of  this  function,  1/w^,  is  considered  the  factor  which  determines  the  allow- 
able spectrjl  proximity  of  2 rectangular  pulse  radars. 

If,  for  example,  It  were  required  that  the  Interference  from  an  adjacent  si-shaped  spectrum  be  48  dB 
down.  Appendix  1 shows  that  a separation  of  rnvSI.S  phase  revolutions  Is  required,  where  r • w,jT/2t. 

Since  the  spectrum,  Fp(w),  for  both  of  the  Interfering  signals  has  nulls  at  wT  • 2k  *;  k • 1 ,2. . . , this 
value  of  r requires  that  the  two  spectra  be  separated  by  approximately  81.5  sldelobes.  In  nartlcutar,  for 
a lys  rectangular  pulse,  81.5  ktiz  separation  is  required  to  assure  the  Interference  to  be  below  -48  dB. 

c.  The  Cosine  Pulse 


The  first  order  of  Improvement  of  the  rectanqular  pulse  Is  the  cosine  pulse.  3y  removlno  the  dis- 
continuities of  the  waveform  a reduction  In  the  s'delobe  level,  hence  In  the  spectral  nccunancv  of  the 
signal.  Is  achieved. 

If  pulse  shaplnq  by  means  of  filters  Is  to  be  avoided,  the  cosine  pulse  Is  produced  bv  appropriate 
modulation,  as  shown  In  Fig.  1.  The  RF  carrier,  Flo.  lc,  is  balanced  modulated  bv  the  shaolnn  function  of 
lb  and  gated  by  $(t)  to  form  a pulse  train.  The  resulting  pulse,  Flo.  2d,  has  the  desired  cosine  envelope. 

In  order  to  analyze  this  pulse  It  Is  noted  that  the  modulation  of  the  carrier  by  the  shaplnn  func- 
tion results  In  two  frequency  components.  Letting  the  carrier  fc(t)  ■ cos  wct  and  the  shaping  function 
fj(t)  • cos  »t/T,  the  cosine  pulse  f^ ( t)  Is  given  hv: 

f,(t)  - S(t)  fs(t)  fc(t)  - S(t)  cos  (•  t/T)  cos(wct)  - «,  (cos(wc  ♦ »/T)t  + cos(wc  - ./T)t)  S(t) 

The  cosine  shaped  RF  pulse  Is  thus  the  sum  of  two  separate  signals,  one  below  and  one  above  the  carrier 
frequency.  They  differ  In  frequency  by  ■ 2»/T  and  are  shown  In  Fig.  le. 

The  phase  relation  of  these  two  signals  Is  of  Importance  and  must  be  as  sliowi  In  Flo.  le.  If  one 
signal  Is  considered  to  be  a new  carrier,  the  second  represents  the  same  slonal  linearly  phase  shifted  bv 
2t  radians  during  the  pulse  duration  T.  This  relatlonshio  gives  rise  to  a modulating  technloue  applicable 
to  CW  radar,  as  will  be  discussed  later. 

The  Addition  of  two  rectangular  RF  pulses  corresponds  to  the  sum  of  two  si-shaped  snectra  In  the 
frequency  domain.  Fig.  2 shows  the  spectra  associated  with  the  slonals  of  Flo.  le,  namely  S F0(w-wc>  *•) 
and  S Fq(w-wc  - ?i)  and  their  sum  F^(w  - wc),  the  spectrum  of  the  coslrc  pulse,  Flo.  Id.  e 

From  the  definitions  of  Fo(w)  and  w#,  F^(w)  can  he  expressed  as 
Fi(w)  ’ *»  [w*vi"/7  * w -1*"/?]  eos  r 

which  Is  the  baseband  spectrum  of  the  cosine  Dulse. 

Fig.  2 alludes  to  the  general  procedure  of  spectral  sldelobe  reduction  through  nulse  shanlno.  In 
particular,  the  component  spectra  are  placed  svenetrlcally  about  w so  that  the  center  of  one  Is  aligned 
with  the  first  null  of  the  other.  The  result  Is  a partial  cancellation  of  the  first  sldelobe  bv  the  main- 
lobe  skirt  of  the  second  spectrum.  Also,  the  maxima  of  the  other  sldelobes  are  aligned  with  those  o*  the 
second  spectrum  so  as  to  oppose  each  other.  The  sum  of  the  two  snectra  has,  therefoi  •,  sl'-nlflcantly  re- 
duced sldelobes  as  thev  are  the  difference  between  the  sldelobes  of  the  Individual  snectra.  The  sldelobe 
Improvement  of  the  cosine  pulse  spectrum  F.  over  that  of  F Is  apparent  If  the  component  soectra  of  c.  are 
centered  about  w ■■  wt/2,  l.e.,  when  F^(w  ♦,wa/2)1s  formed.  The  freouenev  shifted  F^  is  given  bv 

F,(w  ♦ w,/2)  - ■»•  [F0(w)  ♦ F0{w  ♦ w#j]  - F0(w) 

This  form  of  F,  shows  an  F modified  by  an  additional  pole.  As  was  apparent  from  F, (w)  the  cosine  oulse 
spectral  sldel&bes  decay  '"most  as  1/w*.  Flq.  3 (solid  lines)  shows  a technloue  for  generating  a cosine 
pulse  train  In  accordance  with  Fig.  2.  The  modulating  frequency  wa/2  Is  mixed  with  the  carrier  wc  In  a 
multiplier.  The  resuttlnq  product  Is  then  gated  by  S(t),  which  Is  accomplished  bv  the  pulse  train  genera- 
tor and  the  RF  switch.  The  variable  delay  serves  to  adlust  the  gating  time  so  as  to  Insure  the  proner 
synchronism  with  the  shaping  function  cos  (wat/2).  The  pulse  width  must  also  be  adjustable  to  allow  a 
match  between  the  nulls  of  the  modulation  result  and  the  end  of  tha  oate. 


To  evaluate  any  advantage  In  spectral  occupancy  of  the  cosine  shaped  pulse,  the  Interference  cri- 
terion Is  employed  again.  Aopendlx  2 shows  the  Interference  between  radars  uslno  cosine  pulses  as 
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which  falls  off  approximately  as  the  third  power  of  frequency  separation,  rather  than  the  first  as  was  the 
case  for  the  rectangular  pulse. 

Uslnq  the  previous  level  of  -48  d8  maximum  Interference,  It  Is  found  that  the  soectral  proximity, 
r,  for  two  such  signals  Is  only  rw4.4  l.e. , they  may  be  as  near  as  4.4  sldelobes'  width  to  each  other. 

This  Is  a significant  Improvement  over  the  previous  requirement  of  81.5  sldelobes  for  the  case  of  the  si- 
shaped  spectrum. 

d.  The  cos2  Pulse 

To  form  this  pulse  In  an  analogous  manner,  three  si-shaped  spectra,  displaced  frcm  one  another  by 
the  spectral  distance  w.  • 2 »/T  are  sunned.  A choice  of  component  signals  cos  wc,  cos(wc  ♦ wa),  and 
cos(wc  - wa)  appears  oglcal.  However,  the  latter  two  signals  are  now  weighted  bv  a factor  of  1/2  relative 
to  the  center  frequency.  This  weighting  arises  from  the  requirements  of  svntnetry  of  the  sum  spectrum  and 
the  fact  that  higher  order  sldelobes  require  smaller  slanals  for  cancellation.  The  baseband  spectrum 
1*  given  bv: 

F2(w)  - (1/4)F0{w  - Wj)  ♦ (l/2)F0(w)  ♦ (l/4)F0(w  ♦ wa)  ■ H(s1n(wT/2)|  [♦  ^ j---y  - ---j 


The  addition  of  one  more  sl-snectrum  has  added  one  pole  In  the  expression  for  the  spectrum.  The 
sldelobes  of  Fz(w)  thus  fall  off  about  as  1/w3,  which  Is  an  even  more  desirable  behavior  from  the  standpoint 
of  spectral  occupancy.  The  center  of  Fz(wl  Is  located  at  w ■ 0 (at  the  carrier  w ■ wc  for  the  modulated 
signal),  or  again  at  the  mean  of  center  frequencies  of  the  component  spectra. 


In  the  time  domain,  this  process  Is  slmnlv  a surmatlon  of  three  carriers,  modulated  bv  rectangular 
pulses.  The  resultant  Dulse  shape,  Fgt 

f2( t ) ■ 'jS(t)  cos  wct  ♦ (l/4)S(t)  cos(w  + w#)t  ♦ ( 1/4 )S( t)  cos(w  - w8)t  ■ S(t)  cos  w^t  cos?w#t/2 

O 

a cos  -shaped  envelope  on  a carrier  of  frequency  w . Co-slstent  with  the  Improved  sldelobe  behavior  of  Its 
spectrun,  this  signal  has  an  envelope  of  one  decree  smoother  than  the  cosine  oulse. 

The  measure  of  spectral  occupancy  I Is  again  applied  and  Is  (see  Appendix  3): 
t r 1 4 _6_  4 1 H s1n(wdT/2) 

‘ h ‘ \ ' "d  * "a  "d  ' "d  * wa  *d  * ^a  J U 

which  decays  approximately  as  the  fifth  power  of  spectral  separation.  As  defined  previously,  r«  3.5  which 
Indicates  a further  saving  In  spectral  occupancy.  The  Improvement  over  the  cosine  pulse  shaoe  Is  diminishing, 
however,  since  for  small  values  of  r the  Increasing  malnlobe  widths  of  the  spectra  are  dominant.  The  advan- 
tage of  higher  order  pulse  shapes  becomes  apparent  when  greater  Interference  attenuation  Is  required, 

2 

A technique  for  generating  the  cos  pulse  Is  given  bv  Fig.  3 If  the  dashed  portion  Is  used.  The 
modulation  frequency  generator  now  produces  cos  w t and  the  multiplier  output  Is  cos(w  ♦ w )t  and 
cos(w  - w )t,  as  shown  In  Fig.  4b.  This  signal  is  combined  with  the  carrier  cos  w t (Flq.  4a)  and  nated 
as  before.  Flq.  4c  shows  the  output.  The  previous  requirements  for  phase  relationship  between  component 
signals  and  weighting  still  hold  and  S(t)  must  be  properly  synchronized. 

e.  Generalization  of  Fllterlcss  Pulse  Shaping 

As  the  process  of  combining  rectanbular  RF  pulses,  properly  related  In  amplitude,  phase  and  fre- 
quency, Is  expanded  higher  orders  of  smoothness  of  the  time  function  accompanied  by  corresoondlno  sldelobe 
reduction  Is  obtained.  General  requirements  and  properties  of  the  cosn  shaped  RF  nulse  are  obtained  by  ex- 
panding the  expression  for  the  basebano  oulse.  From  Appendix  4 this  Is: 

f(t)  - S(t)  cosn(w  T/2)  - l/2n  £ (")  cos  (p  - n/2)w  t 
• p-o  * 

where  (")  are  the  n ♦ 1 binomial  coefficients.  This  expression  shows  that  the  cos  shaped  RF  nulse  Is  com- 
posed or  n ♦ 1 rectangular  RF  pulses,  all  In  phase  at  t ■ 0 and  havlno  frequencies  that  differ  by  w ■ 2»/T. 
Their  relative  weights  are  given  by  the  binomial  coefficients  associated  with  n and  the  normalization 
factor  Is  the  sum  of  the  coefficients  or  2n. 

In  the  frequency  domain  these  n + 1 components  result  In  n + 1 si-shaped  spectra  similarly  weighted 
and  spaced  at  Intervals  of  w.  symmetrically  located  about  the  carrier.  In  terms  of  baseband  spectra: 

Fn(w)  ■*&(;>  F0[w-(p  - n/2)wa] 

The  center  of  the  sum  spectrum  F (w  - w ) will  lie  at  w or,  In  general,  at  the  mean  of  the  component  fre- 
quencies. For  even  N an  odd  number  of  Components  ex1stcat  w , w ♦ w , w + 2w  , etc.  The  spectrum  will 
be  of  the  form  sin  X/Xn  * 1 for  large  w.  For  odd  n the  n ♦ T components  clTe  at  w + w /2,  w ♦ /2, 

w + 5w  /2,  etc.  and  the  spectrum  F_  will  be  of  the  form  cos  X/Xn  + 1 for  large  W.  It  should  Be  noted 
that  fof  odd  n the  spectrum  may  be  shifted  bv  w /2  so  that  F (w  - w /2)  will  also  bo  of  the  form 
sin  x/x"  + > for  large  w.  a n a 


It  Is  noted  that  each  additional  component  spectrum  adds  one  order  of  smoothness  of  the  resultant 
pulse  by  adding  one  pole  to  the  expression  for  the  spectrum.  At  the  same  time  one  null  Is  removed  from  the 
spectrum.  However,  while  the  sldelobes  are  cancelled  more  stronqly,  the  main  lobe  widens  by  w /2  with  each 
additional  component  spectrum.  Effectively,  the  power  of  the  signal  is  concentrated  nearer  the  spectral 


center  at  the  expense  of  sldelobe  power.  Thus,  while  the  bandwidth,  as  measured  by  the  nulls  bracketlnq 
the  main  lobe,  Is  actually  widened,  the  effective  width  of  the  spectrum  (rms  bandwidth)  Is  decreased  In 

;e  limit  as  n ♦ *•  the  sldelobes  vanish  completely  and  a pausslan  spectrum  remains. 

From  the  examples  of  Appendices  I to  3,  It  Is  seen  that  I,  as  calculated  there  (slonal  and  receiver 

matched  except  for  center  frequency) , Is  of  a form  similar  to  that  of  F«  (w).  It  appears  that  for  any  one 

interference  level  assumed  It  Is  not  efficient  to  Increase  n Indefinitely  slnrg  r diminishes  only  sllqhtlv 
after  a certain  n Is  reached.  By  the  use  of  I,  calculated  for  design  slonals  and  receiver  (ai  d other  radar 

parameters)  together  with  a specified  maximum  Interfe^nce  level,  a trade-off  of  r versus  oulse  shanlna  n 

must  be  conducted  for  each  specific  deslqn. 

extending  the  technique  of  Fig.  3,  Fig.  5 shows  the  general  method  of  generating  co«n-shaoed  RF 
pulses.  Here  the  mixer  produces  many  harmonics  between  „ie  RF  carrier  slonal  and  the  modulator  slonal. 

The  RF  bandpass  filters  select  the  desired  harmonics,  n slno  odd  multiples  If  the  modulation  freouenev  Is 
w /2  and  al1  multiples  If  It  Is  w (n  odd  or  even  respectively).  These  components  are  then  adjusted  In 
amplitude  (weighting)  and  phase  (linearity)  and  sunned.  The  gatlnn  pulse  generator  is  again  adlustable  In 
respect  to  the  puise  length  and  startlnq  time  so  as  to  assure  gating  the  apnroorlate  seqment  of  the  modu- 
lation product. 

Instead  of  sunning  n + 1 weighted  rer;anqular  pulses  (sl-snectra)  to  form  a cosn  mO«e,  It  should 
be  noted  that,  alternately,  two  unity  weighted  but  previously  shaped  waveforms  may  be  combined  to  form  a 
resultant  shape  of  greater  smoothness.  This  arises  from  the  fact  that  any  series  of  bjnomlal  coefficients, 
(p),  can  be  obtained  by  adding  two  of  the  preceding  series  (n~ * ) displaced  by  one  element.  The  following 

example  Illustrates  this  (at  baseband),  showing  how  a signal  may  be  "built"  up  from  other  shaoed  pulses. 
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Spectral  sldelobe  level  Is  often  used  as  a measure  of  Interference  or  oualltv  of  snectral  shane. 

For  .he  cos'1  family  of  pulse  shapes  this  Is  not  necessary  since  sldelobes  decrease  monotonlcallv  with  1n- 
r.re  sing  frequency  and  n.  The  parameter  n describes  the  slqnal  completely.  It  Is  possible,  however,  to 
obtain  various  sldelobe  behaviors  by  varying  either  welqhts  or  center  frequencies  (or  both)  of  component 
spectra.  By  selection  of  other  than  binomial  welqhts  and  spacing  of  wa  selected  sldelobes  mav  be  cancelled 
to  various  degrees.  In  this  case  n does  not  describe  the  signal  completely  since  this  technlnue  redistri- 
butes signal  power  to  the  outer  sldelobes  which  generally  Increase.  This  method  of  pulse  shaping  may  have 
merit  In  certain  cases,  especially  when  only  the  maximum  sldelobe  level  Is  sneclfled. 

f . CW  Radar  Applications 

The  concept  of  pulse  shaping  also  applies  to  CW  radars  with  range  resolution.  Although  less  obvious, 
a "pulse"  shape  can  usually  be  defined  In  the  time  domain.  The  basic  similarity  of  radars  with  range  reso- 
lution is  best  observed  In  tnelr  power  spectrum  and  autocorrelation  function  of  the  modulating  waveform 
which  can  be  the  same  for  botn  radar  types. 

An  example  of  a CW  radar,  having  a rectangular  "pulse"  shape  employs  phase  reversal  modulation  and 
a binary  pseudo-random  code  as  modulatlnq  function.'  A single  carrier  frequency  Is  transmitted  whose  phase 
Is  switched  by  * radians  (phase  reversed)  corresponding  to  a change  In  the  state  of  the  cod-.  This  process 
Is  equivalent  to  a direct  multiplication  of  the  carrier  by  the  numerical  value  (+1  or  -1)  of  the  code  at 
any  Instant  In  time,  hence  represents  a modulation  of  the  carrier  by  the  rectangular  nulses  that  constitute 
the  code.  The  spectrum  for  this  radar,  using  a 15-element  code.  Is  shown  In  Fig.  6.  It  has  clearly  the  si 
envelope  associated  with  a rectangular  pulse. 

? 

Fig.  6 also  shows  the  spectrum  for  another  CW  radar  which  exhibits  the  shape  and  the  sldelobe  be- 
havior of  the  spectrum  for  a cosine  pulse.  This  effective  pulse  shape  was  achieved  bv  th.  use  of  two  RF 
frequencies  In  the  modulation  process  of  the  CW  radar  and  is  thus  consistent  with  the  previously  derived 
criteria  for  pulse  shaping.  A binary  oseudo  random  code  was  again  employed  as  modulating  function.  The 
transmitted  signal  consisted  of  the  carrier  frequency  for  all  time  during  which  the  code  takes  on  the  first 
value.  The  carrier  Is  linearly  phase  shifted  when  the  code  assumes  the  second  value.  For  this  particular 
radar,  a 15-element  code  was  used;  the  linear  phase  shift  was  w radians  over  the  Interval  of  one  code  ele- 
ment. A phase  shift  of  * was  chosen  because  of  the  structure  of  this  particular  modulating  function  for 
which  a 2*  phase  shift  would  result  In  a strong  predominance  of  the  carrier.  A shift  of  * rather  than  2* 
results  In  a distribution  of  the  power  among  the  sidebands  rather  than  In  the  carrier.  As  Flo.  6 Indicates, 
the  carrier  Is  considerably  lower  than  the  envelope  of  the  spectrum  and  would  completely  vanish  If  the 
binary  values  were  evenly  distributed  among  the  code  elements.  It  should  also  be  noted  that  the  spectrum  Is 
asymmetric  with  respect  to  the  carrier.  Most  Important,  however,  the  1/w2  behavior  of  the  sldelobes, 
typical  of  the  cosine  pulse  Is  In  evidence. 

3.  SINGLE  SIDEBAND  AND  SKEWED  SIDEBAND  SCHEMES 


a.  General 

Ordinary  amplitude  and  freguer.i;..  modulation  produce  symmetric  pairs  of  sidebands  which,  bv  their 
symmetry  can  be  considered  redundant  Single  sideband  operation,  which  transmits  all  Information  by  means 
of  one  sideband  only,  has  long  been  of  qreat  value  In  communication  to  reduce  spectral  occupancy.  It  may 
also  find  application  for  this  purpose  in  radar.  However,  here  the  techniques  must  he  somewhat  modified 
since  radar  requires  that  for  each  resolved  target  the  phase  of  the  carrier  be  available  as  well  as  the 
sldebards'  phases  In  relation  to  It.  If  one  sideband  only  (without  carrier)  were  received  and  demodulated 
with  a carrier  of  arbitrary  phase,  then  the  modulation  function  thus  recovered  would  be  shifted  In  phase 
by  an  arbitrary  amount  also.  Assuming  a carrier  cos  w t with  phase  ♦ and  a modulation  function  cos  wmt, 
the  resulting  sidebands  would  be; 


cos(w„t  + ♦_)  cos  w_t  " 1/2  cos(w_t  + w t ♦ * ) + 1/2  cos(w.t  - w„t  + O 
c c m c m c cine 

Demodulation  of  either  sidebands  alone  by  a carrier  of  arbitrary  phase  e yields: 

cos(w  t + w t + *J  cos(w.t  + e)  ■ 1/2  cos(2w„t  ♦ w t + »„  + e)  + 1/2  cos(+w_t  + ♦„  - 8) 

The  first  term  of  the  result  Is  usually  filtered  out.  The  second  term  contains  the  Information  which  Is 
sought.  It  can  be  seen  that  the  phase  e of  the  demodulation  reference  must  be  the  same  as  that  of  the 
carrier  If  an  undistorted  modulation  slonal  Is  to  be  recovered.  Fig.  7 Illustrates  a rectangular  nulse 
modulating  function,  distorted  by  a ir/2  radian  phase  shift,  l.e..  Its  Hilbert  transform.  For  other  phase 
shifts  the  zero  crossing  would  generally  be  displaced  from  the  center  but  the  distortion  can  still  be  slo- 
nlflcant.  It  Is  apparent  that  phase  distortion  of  the  recovered  modulating  function  would  serlouslv  de- 
grade the  resolution  of  the  radar  or  exceed  dynamic  ranges.  Ideally,  then,  transmlttlna  the  carrier  for 
phase  reference  and  one  sideband,  completely  preserved,  would  meet  the  reoulrements  of  radar  operation. 

Several  schemes  are  presented  which  approach  this  Ideal  case  to  various  extents. 

b.  Minimum  Bandwidth  Radar 

For  a continuous  spectrum,  the  Ideal  case  of  deleting  one  entire  sideband  would  require  an  Infinitely 
sharp  cut-off  filter  but  would  result  In  the  saving  of  5055  of  the  spectral  occupancy.  For  the  case  of  a 
discrete  radar  spectrum,  this  maximum  saving  can  be  approached  very  closely  by  employing  a filter,  share 
enough  to  cut  off  below  the  first  PRF  line  of  the  spectrum.  Flos.  8a  and  b show  this  condition  for  a simplified 
spectrum.  Fig.  9 shows  a technique  to  generate  such  a signal.  Combining  the  output  of  the  RF  and  modulation 
frequency  generators,  the  RF  modulator  produces  an  ordinary  double-sideband  modulated  RF  signal.  Assuming 
that  the  modulation  frequency  Is  the  ordinary  pulse  train,  a line  spectrum  results.  Bandpass  1,  having  the 
properties  described  above,  removes  one  sideband  and  sends  the  single  sideband  signal  and  carrier  (Fig.  8b) 
to  the  antenna  via  the  circulator.  On  reception,  the  signal  enters  two  channels  In  which  the  carrier  and 
sideband  are  separated  and  then  coherently  demodulated  by  mixing  with  the  RF  carrier.  The  sideband  channel, 
containing  the  target  Information,  Is  then  range-gated  by  the  modulation  frequency  demodulator  and  cor- 
related with  the  demodulated  carrier  which  provides  the  nhase  reference  for  detection.  Maximum  efficiency 
Is  achieved  If  the  power  Is  divided  evenly  between  carrier  and  sideband. 

It  must  be  noted  that  the  slnqle-sldeband  Bandpasses  1 and  2 perform  most  critical  operations.  Not 
only  must  the  cut-off  of  the  undesired  sideband  be  very  sharp,  but  the  filters  must  accomplish  the  necessarv 
phase  compensation  to  produce  constant  delay  for  all  frequencies  of  the  received  sideband.  This  ohase  com- 
pensation may  be  distributed  between  the  transmitter  and  Bandpass  2 of  the  receiver.  However,  It  Is  Impor- 
tant that  any  phase  shift  produced  peaks  do  not  exceed  the  dynamic  range  of  the  various  subsystems,  esoeclallv 
the  high  power  transmitter  stages. 

c.  Nyqulst  Filtering 

An  alternate  scheme  Is  possible  to  qenerate  a narrow  spectrum  similar  to  that  of  a sinole-sidehand 
signal.  It  Is  similar  to  thu  above  except  that  gradual  cut-off  fllterlno  (Nvnulst  filtering)  Is  emoloved 
during  transmission  and  reception.  Fig.  10  shows  a simplified  snectrum  and  the  operations  which  are  per- 
formed on  It  by  this  technique.  The  block  dlaqram  of  Fig.  9 again  Illustrates  the  processes.  The  slnnle- 
sldeband  Bandpass  1 Is  now  a filter  which  removes  one  sideband,  but  doing  so  Incompletely,  as  shown  In  Ho. 

10b.  The  carrier  and  sideband  filters  In  the  receiver  have  similar  gradual  cut-off  characteristics  so  that 
the  signals  enterlnq  the  two  channels  of  the  receiver  are  as  shown  In  Fins.  10c  and  lOd.  The  processing  of 
the  slqnals  Is  otherwise  the  same  as  previously  described.  Also,  the  sane  reoulrements  of  nhase  linearity 
and  phase  relation  between  carrier  and  sideband  signals  are  again  Imposed  on  this  filter. 

Nyqulst  filtering,  although  It  results  In  less  bandwidth  saving  than  the  previous  scheme.  Is  men- 
tioned here  because  It  Is  a feasible  technique.  It  Is  commonly  emoloved  In  television  transmission  and  can 
be  Implemented  for  radars  of  similar  frequency.  A slnole-sldeband  radar  differs  nnlv  In  the  added  carrier 
channel  which  Is  needed  as  a range  reference  during  reception.  In  the  example  shown  In  Flo.  10,  the  distri- 
bution of  power  between  carrier  and  sideband  channels  of  the  receiver  Is  not  eoual,  as  required  for  best 
correlation.  Practical  constraints  on  filters  will  often  cause  such  a condition.  However,  even  a distri- 
bution such  as  shown  would  still  res*.  In  acceptable  correlation.  The  savlno  of  spectral  occuoancv  is 
always  below  the  maximum  5051  and  depends  on  the  roll-off  of  the  sideband  filter. 

An  alternate  RF  modulation  and  single  sideband  generation  scheme  mav  be  employed.  In  orlnclnle  It 
consists  of  two  channels  In  which  quadrature  RF  signals  are  mixed  with  quadrature  modulation  functions 
respectively.  The  sum  of  these  two  products  will  be  a signal  with  one  of  the  sidebands  cancelled. 

Fig.  11  Illustrates  this  method,  slightly  modified  for  a more  practical  Implementation.  The  modu- 
lating function  can  be  rectangular  pulse  commonly  used  In  radar.  To  derive  the  reoulred  quadrature  signals 
two  sets  of  phase  shifting  operations  are  performed,  resulting  In  shift  of  + n/4  and  - w/4  radians  rather 
than  one  shift  of  w/2.  RF  carrier  and  modulation  are  thus  processed  In  Phase  Shifters  1 and  2.  The  upper 
and  lower  channels  will,  therefore,  be  In  quadrature  as  required.  For  sinusoidal  modulation  the  result  Is 
as  follows: 

COs(w_t+w/4)cOS{w_t-w/4)«(l/2)cOS(w  t+W  t)*{l/2)COs(w,.t-W  t+w/2) 

C m Cm?  w i!S 

cos(wrt-w/4)cos(w  t+w/4)»(l/2)cos(w  t+w  t)+(l/2)cos(w  t-w_t-w/2) 

C Pi  C p)  C Pi 

The  sum  of  these  terms,  l.e.,  the  signal  Into  the  circulator,  Is  cos(w  +w )t.  Flo.  12  Illustrates  this 
process  graphically. 

The  example  of  a pulse  radar  given  here  requires  that  a rectangular  pulse  be  phase  shifted  by 
♦w/4  radians.  This  Is  not  a simple  matter,  since  the  pulse  contains  a wide  band  of  frequencies,  all  of 
which  must  be  shifted  the  same  constant  amount.  Also,  waveforms  as  Illustrated  bv  Fin.  7 must  be  avoided. 
Further,  during  reception  the  Doppler  shift  of  the  echo  reoulres  again  that  a frequency  band  rather  than  a 
single  frequency  be  phase  shifted.  A practical  Implementation  of  such  a phase  shifter  applies  phase  shift 
functions  *i(w)  and  ^(w)  to  the  modulation  slqnal  rather  than  discrete  shifts  of  -w/4  and  w/4.  Here 
♦2(w)  - *](s)vn/2  over  thi  "fluency  range  of  interest.  When  this  substitution  Is  made  In  the  above  equa- 
tions, the  difference  terms  will  cancel  upon  addition  as  before.  The  sum  terms  are  again  eoual  but  will 


add  to  cos(wct+*mt+*i+t/4).  A delay  equalizer  Is,  therefore,  shown  In  Fin.  11  to  remove  the  distortion 
effect  of  this  residual  phase  shift  as  well  as  any  others  that  may  have  been  Incurred  elsewhere.  This  Is 
accomplished  by  addlnq  a frequency  dependent  phase  correction  so  that  In  the  resultlno  slonal  the  combined 
phase  term  Is  proportional  to  frequency,  l.e.,  that  all  freouencles  are  delayed  bv  an  eoual  amount.  The 
carrier,  Inserted  for  transmission.  Is  not  shown,  althouqh  required  for  the  radar  case. 

On  reception,  the  converse  of  this  operation  takes  place.  Ordinary  demodulation  could  be  emnloved 
If  the  transmitted  slqnal  were  the  only  one  received.  However,  slnnle  sideband  demodulation  Is  used  here 
to  reject  any  signals  In  the  unused  sideband.  The  two  demodulations  oroduce  (In  Multipliers  1 end  2 of 
Fig.  11  respectively): 

cos(wc+wm)t  cos(wct+*/4)»l/2  cos(2wct+wfflt+w/4)+l/2  cos(wmtTir/4) 

cos(w +w)t  cos(w.t-v/4)»l/2  eos(2w„tH#t-i»/4)+l/2  cos(w  t+w/4) 
c — m c c — m m “ 

The  upper  and  lower  signs  represent  processing  for  unper  and  lower  sideband  respectively.  Terms  contalnlnn 
2wct  are  filtered  out,  leaving  the  modulation  function,  hut  shifted  In  phase. 

If  processing  for  the  upper  sideband  Is  desired,  the  resultant  sionals  will  be  phase  shifted  n/4 
and  -w/4  respectively  and  added.  In  that  case  It  Is  seen  that  the  demodulation  result  of  the  uoper-sldeband 

processing  yields  cos  w^t  while  those  of  the  lower  sideband  cancel.  Processlno  for  the  lower  sideband  re- 

quires opposite  phase  snlfts  prior  to  suimlng.  The  slnole-sldeband  demodulation  scheme  for  either  of  the 
sidebands  is  Illustrated  In  Fig.  13. 

d.  Skewed  Sideband  Radar 

From  the  Nyqulst  filter  technique,  which  emnloys  a narrow  and  relatively  strono  carrier  "band"  alono 
with  a wider  sideband,  an  analogous  scheme  was  derived  In  which  two  otherwise  independent  radar  sionals  ner- 

form  the  functions  of  the  carrier  and  sideband  channels.  The  first  such  channel  Is  hlnh  power  hut  narrow- 

band,  thus  providing  only  coarse  range  resolution.  The  second,  a lower  power  slonal,  contributes  the  re- 
quired fine  resolution  at  correspondingly  greater  bandwidth.  Upon  separate  demodulation  and  processlno  of 
these  two  channels,  they  are  again  combined  In  a correlation  process  as  for  the  previous  slnole-sldeband 
schemes.  Analogously,  the  narrow  band  channel  serves  as  a reference  for  the  lower  nower  high  resolution 
signal. 

Fig.  14  shows  a simplified  block  diagram  for  such  a radar.3  It  combines  several  of  the  nrevlouslv 
discussed  topics,  namely  the  cosine  pulse  oeneratlon  bv  means  of  two  component  sionals  and  the  slnnle  side- 
band principle  for  spectrum  conservation. 

The  modulation  waveform  Is  an  ordinary  nulse  train.  The  RF  oenerator  produces  a 0/  slonal  which  Is 
frequency  modulated  by  linearly  shifting  Its  phase  through  2*  radians  durlno  the  nulse  period  (see  Fins.  15a 
and  b).  The  resulting  signal  has  two  noteworthy  properties:  Its  spectrum  has  the  sldelohe  behavior  of  that 

for  the  cosine  pulse  and  it  Is  located  asyimetrlcallv  (skewed)  with  respect  to  the  carrier. 

The  signal  described  by  Fig.  15b  may  be  thought  of  as  being  composed  of  the  followlnu  three  sionals: 
The  continuous  carrier  w ; the  negative  of  the  carrier  multiplied  bv  the  oatlnn  function  S(t);  the  modified 
carrier  w.+w,  during  thecpulse  Interval.  The  composite  slqnal  f(t)  mav  therefore  be  written  as: 

C 9 

f(t)  * cos  w„t  - S(t)cos  w t - S(t)cos(w  +w,)t 

C C C n 

The  sign  of  the  last  term  Is  minus  due  to  the  fact  that  at  t * 0 this  signal  Is  exactly  of  onnoslte  phase 
In  relation  to  the  "nshlfted  carrier.  Whpn  compared  to  Fig.  le,  this  signal  differs  bv  the  presence  of  the 
CW  component  and  the  phasing  at  t ■ 0,  The  resulting  spectrum  Is  composed  of  the  coslne-oulse  spectrum, 
skewed  with  respect  to  the  carrier,  centered  at  w ■ w +w  /2,  with  a strong  component  at  w « w . It  has, 
therefore,  some  of  the  characteristics  of  a single  sideband  spectrum.  c 

Upon  reception  the  signal  Is  demodulated  by  mlxlno  with  the  carrier  wc.  Fins.  15c  and  d show  the 
phase  relationship  between  transmitted  and  received  sionals.  Figs.  15e  and  f illustrate  two  oosslhle  demod- 
ulation results  depending  on  the  Donnler  phase  shift  ».  Incurred  by  the  echo  signal.  The  combination  of 
these  slqnals  results  In  an  effective  pulse  train,  as  shown  In  Fig.  15o. 

After  demodulation  (Fig.  14)  the  slonal  Is  separated  into  two  channels,  an  all-ranoe  channel  without 
range  Indication  and  a range  resolution  channel.  In  the  all-ranoe  channel,  tarnet  sionals  from  all  ranoes 
are  extracted  by  doppler  bandpass  filtering.  In  the  ranoe  resolution  channel  the  modulation  waveform  Is 
extracted,  the  signal  rr.nqe  gated  (Modulation  Frequency  Demodulator)  and  bandpass  filtered  to  obtain  tarnet 
dopcler  Information  from  one  discrete  range  cell.  The  correlator  outnut  combines  the  features  of  both 
channels  providing  range  resolution  and  doppler  Infoimatlon  as  well  as  sensitivity  for  weak  targets. 

4.  SPECTRUM  SHARING 
a.  General 

Besides  the  reduction  of  the  effective  bandwidth  through  nulse  shaping  technloues,  more  efflclen* 
use  of  the  given  spectral  space  has  been  achieved  In  some  applications  through  the  sharlnn  of  a soect'  bv 
two  or  more  radars.  The  spectrum  of  a coherent  nulse  radar  Ideally  consists  of  lines  whose  soaclno  Is  olven 
by  the  pulse  repetition  frequency  (PRF).  Unused  Inter-line  spacing  may,  therefore,  he  occupied  bv  corres- 
ponding spectral  lines  of  other  radars,  thereby  allowlno  two  or  more  users  to  share  the  same  allocated  snec- 
trum.  Fig.  16  Illustrates  this  principle  of  Interlacing  the  soectral  lines  of  two  sionals. 

The  dlaqram  also  Indicates  that  with  each  spectral  line  there  must  be  associated  a certain  width 
within  which  no  other  signal  may  lie.  This  band  about  each  spectral  line  mav,  therefore,  be  considered 
the  effective  width  of  the  spectral  lines.  This  constraint  limits  the  number  of  lines  of  other  spectra  that 
may  lie  wlthlr  one  Interline  space,  hence  the  number  of  radars  that  can  share  the  same  snectrum.  The  width 
of  the  spectral  lines  Is  due  to  several  modulations  which  either  the  transmitted  or  received  radar  slonal 
contains.  Some  of  the  contribution  factors  to  this  line  width  are  transmitter  Instabilities,  scan  modula- 
tion, doppler  modulation  and  filterlno  properties  of  the  receiver. 

Design  factors  and  techniques  are  considered  here  which  serve  to  both  reduce  the  band  around  each 
line  and  widen  the  inter-line  space.  These,  tooether  with  the  nhvslcal  oeometrv  of  cooneratlno  radars, 
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define  the  necessary  conditions  under  which  successful  spectral  Interlaclnn  Is  feasible, 
b . Maximizing  the  Usable  Inter-line  Space 

An  Important  contributor  to  the  frequency  band  associated  with  each  spectral  line  Is  the  sta- 
bility of  the  transmitted  signal.  Pulse-to-pulse  freouency  and  phase  litter,  as  well  as  lonn-term  fre- 
quency drift,  should  be  reduced  as  much  as  practical  This  mav  be  achieved  bv  derlvlno  the  freouencles  of 
all  cooperating  radars  from  one  source  (cable  connection  or  RF  link)  or  bv  employing  very  stable  sources 
<n  these  radars  and  re-synchronizing  when  necessary. 


The  dopnler  band  width  Is  perhaps  the  most  significant  contributor  to  the  band  around  each  snectral 
line.  It  can  ordinarily  not  be  reduced  except  bv  the  choice  of  a lower  °F.  However,  when  targets  are  uni- 
directional, such  as  In  the  case  of  ground  control  radars  for  incoming  aircraft,  only  half  of  the  donnler 
band  Is  occupied.  In  this  case,  the  single  sideband  demodulation  technloue  shown  in  Fin.  13  mav  aoaln  be 
employed  to  re.iect  slqnals  In  the  wideband  not  of  Interest.  This  provides  a significant  reduction  In  the 
effective  width  of  the  spectral  lines  bv  allowing  half  of  the  ordinary  donnler  band  to  be  used  bv  other 
radars. 


The  refection  of  Interfering  sloncls  by  the  receiver  Is  another  factor  which  mav  be  Improved  to 
effect  a smaller  width  of  the  spectral  lines.  This  characteristic  mav  be  considered  as  the  receiver's 
sensitivity  to  signals  outside  the  dopnler  band  of  interest.  It  Is  determined  bv  the  sharnness  of  the  frP 
filters  or  other  processing  performed. 

A final  consideration  In  the  process  of  maximizing  the  usable  Interline  soace  is  the  Increase  In  the 
line  spacing  Itself.  This  can  be  achieved  onlv  bv  Increasing  the  P&F  (,f  the  radar.  The  maximum  P°F  is 
constrained  by  the  reoulred  unambiguous  range  which  Is  given  by  c/(2  PRF),  where  c Is  the  velocity  of  lioht. 

There  exists,  however,  a potential  Improvement  which  Is  due  to  the  fact  that  the  operating  ranne  of 
many  radars  is  often  significantly  less  than  the  unambiguous  ranne  given  bv  the  FRF.  This  choice  Is  made 
when'  multlple-tlme-around  echoes  may  be  high  enough  to  be  confused  with  returns  from  within  the  operating 
range.  After  transmission  of  a pulse  and  "listening"  for  a tine  corresponding  to  the  operating  range,  the 
receiver,  therefore,  remains  "off"  until  the  returning  echoes  fall  below  the  level  for  valid  targets,  at 
which  time  the  next  pulse  Is  transmitted.  If,  for  example,  an  attenuation  of  4B  dB  ( 2*'6)  Is  aoaln  assumed 
for  such  Interfering  signals,  then  this  regulres  that  the  unambiguous  ranne  Is  24  « 16  times  the  operating 
range  (due  to  the  fourth-power-of-ranoe  decay  of  echoes).  In  this  case  the  off-time  of  the  system  exceeds 
the  on-time  by  a factor  of  15. 

For  a step  scanning  radar,  there  exists  a scheme  which  permits  the  Increase  of  Its  phF  hv  a factor 
of  15  without  adverse  effects.  This  Is  accomplished  bv  switching  the  beam  after  transmission  of  one  pulse, 
to  another,  non-ad.lacent  bean  position.  This  step  is  selected  sufficiently  large  to  assure  that  nultlole- 
tlne-around  echoes,  entering  the  sldelobes,  are  sufficiently  small  due  to  snace  and  sldelobe  attenuation. 

Flo.  19  gives  an  example  where  15  separate  beam  positions  must  be  Illuminated.  The  P°F  of  the  trans- 
mitter is  Increased  by  a factor  of  15  so  as  to  set  the  unambiguous  ranog  enual  tn  the  operating  range.  The 
seguence  of  scanning  Is  Indicated  by  arrows.  It  can  he  seen  that  consecutively  Illuminated  boom  positions 
are  not  adjacent  in  snace.  In  any  beam  position  an  interferlnn  echo  will,  therefore,  precede  the  valid 
pulse  by  one  step  In  tine  and  two  beam  positions  In  snace.  I*  this  second-tlme-arnued  echo  Is  to  Ke  atten- 
uated 48  dB  at  the  receiver,  since  12  dB  will  be  obtained  from  snace  loss,  then  36  HR  attenuation  must  he 
obtained  from  the  antenna  pattern.  While  this  mav  not  ordinarily  he  available  at  two  Keamwldths  from  hnre- 
sight,  an  ant.enna  deslnned  with  a null  zt  this  particular  anole  mav  be  emnlovi'd  to  obtain  thp  full  potential 
48  dB  attenuation. 

The  diagram  also  shows  that  physically  adiacent  beam  Positions  are  Illuminated  hv  pulses  senaratpd 
In  time  by  7 Internulse  periods.  Here  the  attenuation  of  the  Rth-tlmp-around  return  accounts  for  36  dR 
attenuation  while  the  antenna  Pattern  would  have  to  contribute  12  dB. 

Jump  scannlna  permits  a significant  Improvement,  not  onlv  bv  wldenlnn  of  snectral  lines,  nermlttlno 
sharing  of  spectral  space,  but  also  due  to  Increase  in  average  nulses  ner  heamwidth. 

A variety  of  such  schemes  Is  possible,  denendlno  on  the  number  of  positions  that  must  he  scanned, 
and  the  antenna  pattern.  If  the  latter  causes  excessive  crosstalk  between  Positions,  a Pbr  less  than 
maximum  may  have  to  be  utilized.  However,  In  general,  the  jumn  scanning  technloue  provides  a wldenlnn  of 
the  Interline  spacing,  un  to  a factor  enual  to  the  ratio  of  unambiguous  to  operating  ranoe. 

The  necessity  for  spectrum  sharing  imnlles  spatial  nroximitv  among  radars.  Interference  mav  he 
encountered  In  such  situations  due  to  either  direct  radiation  or  via  reflecting  ohlects.  Simple  precaution- 
ary design  features,  such  as  nulse-to-pulse  synchronization  and  scan  synchronization,  would  serve  effectively 
to  avoid  receiver  overload  or  damage,  and  false  taraet  indication.  Pulse-to-oulse  synchronization,  wherobv 
the  first  radar  transmits,  then  listens,  then  blanks  Its  receiver  while  the  second  svstem  transmits,  can  he 
considered  temporal  Interlacing  (multlnlexino)  and  can  he  used  for  non-coherent  pulse  radars  also. 


5.  APPLICATIONS  AND  CONCLUSIONS 

Mosl  of  the  technloues  discussed  herein  were  dewnstrated  to  be  feasible  and  practicable.  Dadars  Have 
been  built,  some  in  ouantltles,  which  utilize  one  or  more  of  them. 

To  Implement  the  shaoed-snectrum  scheme  for  fu  radar.  Illustrated  hv  Fin.  15,  radars  were  built  emeln'Mno 
a signal  linearly  phase  shifted  through  * radians  In  accordance  with  a nsoudn-random  code  modulating  func- 
tion. The  resulting  spectrum  exhibited  the  shape  associated  with  the  cosine  nuls°.  similar  tn  that,  riven 
In  Fig.  6.  Fig.  18  shows  snectrum  analvzer  dlsnlavs  of  one  using  a 7 element  code,  although  thpse  snectra 
are  relatively  coarse  due  to  this  vorv  short  code,  the  significant  features  are  aooaren' . These  are  the 
sldelobe  envelope  shane  of  the  snectrum  and  Its  skewed  position  with  respect  to  the  carrier.  The  latter 
characteristic  was  exemplified  bv  reversing  the  oolarltv  of  the  code,  thereby  reversing  t.hp  asvmmetrv  n* 
the  spectrum.  The  two  signals  dlcnlaved  In  Fin.  IP  differ  in  this  manner,  other  radars  were  built  emnlnvlnn 
the  same  principles  but  using  code  lengths  of  both  15  and  more  elements. 

While  these  coded  radars  realized  the  snectral  saving  associated  with  nulse  shaninn  onlv.  a nulsp  fr»- 
ouenev  modulated  radar  was  built  which  achieved  the  vestigial  sideband  approximation  descried.  This  radar 
was  modulated  In  accordance  with  a rectangular  pulse  train  (without  code)  whereby  the  freouenev  was  shifted 


during  the  pulse  period  so  as  to  advance  the  phase  by  2«  radians  during  that  Interval.  The  radar  used  the 
dual  channel  processing  of  carrier  and  sideband  signals  with  correlation  of  both  outputs.  A more  recent 
radar  employs  the  same  technique  but  uses  a shift  of  v only.  This  results  In  a symmetric  spectrum  but 
achieves  good  sldelobe  behavior  with  concentration  of  the  signal  power  near  the  center  of  the  spectrum. 

A low  frequency  radar  was  built  particularly  suitable  for  spectral  Interlacing,  due  to  Its  combination 
RRF,  doppler  bandwidth  jnd  operatlnq.  Since  about  93*  of  Its  Interline  frenuencv  snace  Is  unused,  10  of 
such  systems  could  potentially  share  the  same  frequency  snectrum. 

Although  the  techniques  discussed  have  been  treated  from  the  radar  standpoint,  many  aonly  to  communica- 
tions systems  as  well. 
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APPENDIX  I 

When  a signal  ho(t)  appears  at  the  input  to  a receiver  with  Impulse  response  hj(-t),  receiver  and  signal 
are  considered  matched.  This  Is  generally  not  the  case  for  an  Interference  slnnel.  *ssum1no  such  an  Inter- 
fering signal  emitted  from  some  source  arrives  at  the  receiver  Input,  then  the  receiver  outnut  Is  defined 
as  the  Mutual  Interference  Function,  I.  It  serves  as  a measure  of  the  Interferlno  effect  of  the  source  on 
the  receiver.  I Is  given  by  the  convolution  of  the  sional  and  receiver  Impulse  response,  namelv 

1 ■ J hp  (-n)  Sa(t  + n)  dn 

where  S&(t)  Is  the  Input.  SA(t)  can  be  expressed  In  terms  of  the  sional  generated  by  the  transmitter  of 
the  carrier  wt  (radian  frenuency),  modified  by  the  travel  time  delay  ts  between  transmitter  and  receiver, 
amplitude  factor  Is  a and  wq  represents  the  doppler  shift  It  may  have  encountered  If  reflected  from  a moving 
oblect  or  due  to  the  relative  motion  between  transmitter  and  receiver.  Therefore, 

SA(t)  - a S(t  - Tj)  eJtwc  ‘ ' Ts> 

hp(t)  may  also  be  expressed  in  analytic  form  as 

hR(t)  - h(t)  eJ  “R1 

where  wR  Is  the  frequency  to  which  the  receiver  Is  matched.  I therefore  becomes 
I - a /:.  h*  (-n)  e‘JwRn  S(t  + n - ts)  ej(*c  ' *d)(*  + " *Ts)  dn 
where  some  constant  delay  and  frequency  terms  of  the  Impulse  response  are  deleted, 
lettlnq  t'  * i - ts  and  w£  - wR  « w^,  the  difference  frequency  between  the  carriers,  ws»  wd  - wQ 
I • a e-f(wc  - «D>t'  f~_m  h*(-n)  S(n  ♦ t')  e1  dn 

which  is  In  the  form  of  a low  frequency  complex  modulation  (Integral)  on  a carrier  wc  • wg.  Analogous  to 
the  well  known  radar  amblaulty  function*  which  assumes  receiver  and  signal  matched,  the  Inteoral  Is  defined 
as  the  Mutual  Ambloult.y  Function  A,  since  It  deals  with  arbitrary  receiver  and  sional. 

A(t(ws)  ■ f“_m  h*(t)  S(t*  - t)  e'^  dt 

where  w is  the  sum  frequency  of  wq  and  any  doppler  shift  wo,h(t)  a form  of  the  receiver  complex  Impulse 
response  and  s(t)  the  complex  transmitter  modulation  waveform.  When  s(t)  and  h(t)  are  matched  A becomes 
the  radar  ambiguity  function. 

For  the  simple  case  o'  the  receiver  matched  to  a rectangular  pulse  of  Its  own  frequency  but  receiving 
a similar  pulse  of  different  center  frequency,  the  output  I Is  the  convolution  of  the  two  signals  f,(t)  and 
f2(t).  Thus,  1 

i - VT  ■ t]  dt 

If  f,(t)  and  f?(t)  are  rectangular  pulses  having  carriers  cosw.t  and  cosw?t  and  duration  T this  expression 
will  become: 

I * /!(/ 2+x  coswjt  cos  w2(t  - x)  dt 

Assumlnq  a mean  frequency  Wr,  between  w,  and  w-  and  a difference  a such  that  w,  ■ w - a and  w?  ■ w ♦ A 
the  expression  for  I becomes: 

1 " V*  /It/2+tC0S  [V  - <"m  + A>T]  dt  + 1/2  /-T/VtC0S  [24t  * (wm  * a)  TJdt 


After  Integration  this  becomes: 

sin  wJT  - t)  cos  At  sin  A (T  - ?)  cos  w_  t 

I .. S ♦ S — 


2 w_ 


2 A 


Since  usually  wffi  » A end  letting  2a  * wd,  so  that  w2  - w^  ■ wd,  I becomes 
j . *1n["d(T  ‘ T)/^]cos  »w  r 


This  function  will  have  Hi  maximum  at  t • 0,  hence 


s1n(wdT/2) 

I - ~ 

"d 

O 

For  I to  be  down  48  dB  ( 2 In  voltage)  requires  that 

I(at  wrf  ■ 0)  T/2  a 

. — — S * 2° 

I envelope  l/wd 

9 wdT 

Hence  WjT  ■ 2 radians.  Normalizing  this  angular  separation  to  * — 

obtains0  r«81.5.  ’ 


r (r  In  phase  revolutions),  one 


APPENDIX  2 

SPECTRAL  OCCUPANCY  OF  A COSINE  PULSE  SIGNAL 


If  the  two  pulse  signals  of  Appendix  1 are  cosine  pulses  (having  the  same  carriers  and  duration),  the 
expression  for  I will  be: 

I « /It/2+t  C0S(,,t/T)C0S  wit  cos  [-(t  - t)/fj  cos  [w2(t  - t)J  dt 


It  can  be  shown  that  this  convolution  will  also  be  maximum  at  t • 0;  carrvlno  out  the  Inteoratlon  and  uoon 
expansion.  Integration  end  substitution  of  limits,  using  wm  and  a as  before,  the  terms  havlnn  wm  In  the 
denominator  arc  neglected  In  favor  of  those  containing  onlv  A.  The  expression  written  In  terms  of  wd  then 
becomes : 


I 


. f J I— 

Lwd  Vwa 


W 


s1n(wdT/2) 
? 


wd{wa2  ' wd?) 


s1n(w  .T/2) 

1 where  w„  * 2 */T. 


To  derive  a frequency  separation,  at  which  I Is  down  48  dB,  the  same  ratio  Is  formed  as  In  Annendlx  1. 
I(atwd-C)  (T/4)  2wd(wa2  - w/) 

1 ■-  ■ * •'  ■ 1 " T * C 

I envelope  w* 

a 

2 8 

Letting  r * wHT/2»  as  before,  hence  r « w./w  , and  the  above  eouatlon  becomes:  r (1  ■ r ) * 2 /»  so  that 
rs»4.4  (phjse°revolut1ons). 


APPENDIX  3 

SPECTRAL  OCCUPANCY  OF  A COS2  PULSE  SIGNAL 


p 

If  the  two  pulse  signals  of  Appendix  1 are  cos  pulses  with  the  sa,  « carriers,  duration  and  neak  amolltude. 
and  letting  t ■ 0 In  the  expression  for  the  convolution,  the  Inteoral  for  I will  be: 

I ■ 2 /^Z  cos*(wt/T)  cos  Wjt  cos  w2t  dt 


Using  the  previous  derivations  and  definitions,  expandlno,  Inteoratlno  and  substltutlno  the  limits  for  this 
Integral,  the  result  consists  of  terms  havlno  wm  and  a only  In  their  denominators.  M»olect1no  aoaln  those 
containing  w_  the  expression  becomes: 

Hi 


4 41,  1 1 s1n(wdT/2) 

V"a  ' "d^a  V*"a  V*"a  J ™ 


3 w. 


2 wd(w7^H^^7) 


sin  w4T/2 


To  derive  a separation  r for  a 48  dB  Interference  attenuation, 
Hatwd  - 0)  _ (3T/16)  2wd(wdg-wa2)(wd2.4wa?)  _ ?8 

3 w. ' 


the  same  ratio  Is  formed  as  before: 
or  r(rZ  - l)(rZ  - 4)  * 210/n:  hence 


r » 3.5. 


I envelope 


APPENDIX  4 


THE  COS"  PULSE  SIGNAL 


The  general  form  of  the  pulse  slonal  treated  herein  Is  S(t)  cosn(w  t/2) cos  w t where  S(t)  Is  the  rec- 
tangular gatlna  function  from  - T/2  to  T/2  , w Is  some  carrier  frenuencv  and  w * 2 n/T.  The  composition 
of  this  signal  can  be  recognlred  by  expandlnn  c1t  In  a binomial  series. 

Neglecting  the  carrier  term,  since  It  merely  produces  a translation  In  the  frenuencv  domain  and  S(t), 
since  It  Is  a constant  multiplier  and  does  not  affect  the  exnanslon,  the  slonal  maw  he  expressed  as- 

cosn(wat/2)  - <l/2)n  (eV/2  - e-1"*4'2)"  - l/2n  ^ (J)  eiw«t("-p)'?  e*1^  p/2 

« l/2n  ^ (p)  e"1w*t^p  ‘ n/2^  ■ l/2n  ^ (P)  [cos  [ (n  - n/2)  w#t]  - 1 s1n[(n  - n/?)w#l] 

where  (^)  are  the  binomial  coefficients  olven  hv 


<;> 


k:  (n  - p): 


For  odd  n the  summation  will  consist  of  an  even  number  of  complex  terms  snaced  apart  by  multiples  of  wa. 
Due  to  the  symmetry  of  („)  and  the  fact  that  the  sine  function  Is  odd,  the  sine  terms  will  cancel  In  nal 


Irs. 


For  even  n,  an  odd  numbeP  of  coefficients  (?)  will  result:  the  same  cancellation  will  occur  for  all  n exceot 
the  center  term  p ■ n/2.  However,  for  thatpcase  the  sine  Is  zero  so  that  the  ouadrature  term  maw  he  deleted 
for  all  cases.  The  expansion,  therefore,  becomes 


cos"  (wfct/2)  - l/2n  (")  cos  [ (o  - n/2)  wat] 


If  this  function  Is  modulated  by  S(t)  and  the  carrier  cos  w t,  It  Is  apparent  that  the  cos  shared  nulse 
is  produced  by  means  of  n ♦ 1 frequency  shifted  components. 

The  baseband  spectrum  Fn(w)  Is  therefore: 


Using  the  definitions  of  Appendices  1 to  3,  the  mutual  Interference  of  two  cosn  shaped  nulse  slnnals  can  be 
shown  to  be: 


WHERE 


'« ■ <v'2>}  O * (v W; 

<n  even\ 
n odd  / 


T ~Fo(w) 


SUM:  Fjfa-Wc) 


**F0(w-wc+wa/2) 


<r  ’^o^^c-v2) 


, \wc 

V J V v- 


c ’Va"a/  . 

V / V 


Fig.  2 Cosine  pulse  spectrum  and  components 
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Fig.3  Cosine  pulse  train  generator 
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Fig.5  RF  pulse  generator  for  cos’*  pulses 
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Fig.9  Asymmetrical  sideband  radar 
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Fig.!  1 Single  sideband  radar  modulator/demodulator 
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c.  Balanced  Modulation  of  Signals  In  b* 
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Fig.  1 2 Single  sideband  generation  through  modulation 
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Fig.  15  Waveforms  for  radar  using  pulse  train  frequency  modulation  (2tt  radians  phase  shift) 
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a.  Spectral  Lines  of  First  Radar 


b.  Spectral  Lines  of  Second  Radar 
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c.  Both  Signals  Combined 


Fig.  1 6 Spectral  interlacing  of  radar  signals 


Fig.  17  Jump  scanning  principle 
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DISCUSSION 

F.  D.  GREEN:  You  have  described  how  the  transmitted  pulses  can  be  sharpened  without 

interference.  The  receiver  still  has  to  cope  with  these  sharp  pulses.  Can  this  be 
done? 

R.  OLESCH:  Yes.  The  receiver  spectral  response  can  and  should  be  shaped  according 

to  the  shaped  pulse  spectrum.  Especially  for  a matched  filter  radar,  the  optimum 
receiver  (power)  spectral  response  is  the  same  as  the  spectrum  of  the  transmitted 
signal;  therefore,  for  a better  behaved  transmit  spectrum,  the  receiver  spectrum  will 
also  be  better  behaved,  resulting  in  less  noise  intake  as  well  as  lower  interference 
from  out-of-band  emitters.  This  is  expressed  in  the  Interference  Function  I which 
shows  that  the  interference  (for  correspondingly  shaped  receiver  and  waveform  spectra) 
decays  with  double  the  exponent  (2n  + 1)  which  describes  the  shaped  pulse,  cosn. 

F.  J.  CH2STERMAN:  Can  the  cosine^  pulse  shaping,  which  is  suitable  for  long-range 

surveillance,  be  adapted  easily  for  short-range,  high-accuracy  weapon  systems  demanding 
a sharp  leading  edge  to  the  pulse? 

R.  OLESCH:  Yes.  The  autocorrelation  function  of  the  smoothed  pulse  is  not  inferior 

to  that  of  the  rectangular  pulse,  or  that  waveform  used  in  practical  systems. 
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SUMMARY 

Tha  uaa  of  progrs»abl*  calculators  Is  suggested  for  asking  electromagnetic  compatibility  (EMC) 
calculations  conveniently  and  economically.  Prograamabla  calculators  ara  available  at  prices  ranging 
from  about  $800  to  $5000.  Programs  recorded  on  magnetic  cards  or  tapes  for  use  with  the  popular  U.S. 
makes  of  calculators  will  be  available  froa  the  Department  of  Defence, Electromagnetic  Compatibility 
Analysis  Center  (ECAC)  in  1975.  Detailed  explanations  of  several  of  the  ECAC  programs  are  given  to 
Illustrate  the  kinds  of  calculations  that  can  be  performed  and  to  indicate  the  ease  with  which  the 
programs  can  be  used.  Oildellnea  for  the  selection  of  calculators,  and  the  pros  and  cons  of  using 
them  are  given.  The  calculator  programs  that  ECAC  will  issue  in  1975  are  listed.  The  establishment 
of  a central  library  of  calculator  programs  developed  by  the  EMC  coamunity  Is  suggested  as  a means  for 
facilitating  the  exchange  of  programs. 

1.  INTRODUCTION 

Organisations  engaged  In  frequency  management  or  other  ’ MC  activities  will  soon  have  an  economical 
and  convenient  set  of  analytical  tools  available  for  performing  various  kinds  of  EMC  calculations. 
Appropriate  mathematical  models  from  ECAC's  existing  library  of  computer  programs  are  being  adapted 
to  prograamabla  pocket-size  and  desk-top  calculators. 

Saml-annually  ECAC  will  issue  to  subscribing  organisations  a package  of  5 to  10  mathematical 
models  programed  for  each  subscriber's  calculator,  provided  It  Is  one  of  the  popular  U.S.  makes.  Each 
package  will  Include  a set  of  programs  recorded  on  magnetic  cards  or  tapes,  operating  Instructions, 
and  supporting  technical  Information. 

Examples  of  the  kind  of  calculations  that  can  be  perfoxmed  with  such  models  are: 

1.  Propagation  path  loss  for  both  over-the-horlson  and  llne-of-slght  situations. 

2.  Signal- to-nolso  ratios. 

3.  Interferance-to-nolse  ratios. 

A.  Intarmodulat Ion  frequencies, 

5.  Coupling  between  antennas. 

6.  Envelopes  of  emission  spectra. 

7.  Conversion  of  map  coordinates  (UTM  to  and  from  Geographic). 

8.  Great  circle  distance  between  two  locations. 

9.  Frequency  assignment  aids. 

The  programs  will  be  convenient  to  use,  even  by  Individuals  who  have  only  an  occasional  need  to 
perform  EMC  calculations.  After  the  program  card  or  tape  has  been  inserted  into  the  calculator,  the 
user  presses  the  GO  button  to  begin  the  operation.  The  process  proceeds  step-by-step  to  allow  the  user 
to  key  In  the  Input  values.  For  most  models,  the  entire  process  — Including  Inserting  the  magnetic 
card  or  tape,  keying  In  the  Input  values,  and  waiting  for  the  answer  to  be  displayed  or  printed  — 
takes  less  than  one  minute  when  a programmable  d* ik-top  calculator  Is  used. 

The  cost  of  a programmable  calculator  ranges  from  about  $5000  for  the  desk-top  else  with  an 
alphanumeric  printer  down  to  about  $800  for  a hand-held  else. 

The  coat  to  an  organisation  to  obtain  the  calculator  programs  from  ECAC  has  not  yet  been  determined. 
Factors  which  will  be  considered  In  determining  the  cost  will  Include  the  cost  associated  with  developing 
the  basic  computer  analysis  programs  and  the  cost  of  adapting  those  programs  for  calculator  use.  After 
some  experience  has  been  gained  In  working  with  U.S,  military  organisations,  a decision  can  be  made 
concerning  supplying  the  edapted  programs  to  other  organisations. 

2.  EXAMPLES  OF  EMC  CALCULATIONS 

The  application  of  prograasMble  calculators  to  EMC  analysis  will  be  illustrated  by  several  examples 
which  Indicate  the  kinds  of  calculations  that  can  be  executed  and  the  ease  with  which  they  can  be 
performed.  The  equations  used  In  the  examples  are  explained  briefly.  Detailed  explanations  can  be 
found  In  the  references  cited. 


2.1.  Interference-to-Nolse  Ratio 


One  of  the  criteria  often  used  In  EMC  analyses  Is  the  interference-to-nolse  ratio  (INR)  at  tha  victim 
receiver.  The  INR  depends  on  the  characteristics  of  both  the  Interfering  transmitter  and  the  victim  i 

receiver,  and  on  the  propagation  path,  as  Indicated  in  Figure  1.  1 


23-2 


INK  “PT  + GT  + GR-RS-LP  + OFR 


(1) 


where: 

PT  “ Transmitter  puk  povar  (dba) 

CT  ■ Gain  of  transmitting  ant anna  (dB) 

GR  ■ Gain  of  racaiving  antanna  (dB) 

RS  ■ Sensitivity  of  racaivar  (dBm) 

LP  « Propagation  path  loaa  (dB) 

OPR  • Of f-fraquancy  raj action  (dB)  - Thia  la  tha  attanuatlon  cauaad  by:  any  mismatch  bat  ween  tha 

intar faranca-algnal  spectrum  and  tha  aalactivity  of  the  racaivar;  and  the  frequency  diaplaceaant 
ba tween  the  two  equlpaenta. 

Aa  indicated  in  tha  flow  dlagraa  in  Figure  2 tha  valuaa  for  PT,  GT,  GR,  rs,  are  lnputa  to  tha  procaaa. 
Tha  valuaa  of  LP  and  OFR  auat  be  calculated  ualng  aodala  that  are  appropriate  for  tha  altuatlon  to  be 
analyzed.  The  aodala  that  will  ba  us ad  as  subroutines  in  the  calculator  programs  for  calculating  LP  and 
OFR  are  listed  in  TABLE  1. 

The  propagation  path  loss  (LP)  depends  on  the  relative  locations  of  tha  two  antennas,  the  nature  of 
tha  propagation  path,  and  tha  frequency.  Two  of  the  propagation  path  loss  models  listed  in  TABLE  1 will 
ba  illustrated  hare.  The  first  pertains  to  ground-based  systems  and  the  second  situation  pertains  to  a 
pair  of  antennas  Installed  on  tha  fuselage  of  au  airplane.  In  both  cases  the  antennas  are  saparated  ao 
that  they  are  in  the  far  field  of  one  another. 


TABLE  1 


MODELS  USED  AS  SUBROUTINES  IN  INR  PROGRAM 
PROPAGATION  PATH  LOSS  MODEL  (LP)  - (all  are  for  far  field  situations) 


TITLE 


APPLICATION 


1. 

2. 

3. 

4. 

5. 

6. 


Smooth  earth  #1 
♦Smooth  earth  #2 
Cosite  #1 
Cosite  #2 
♦Aircraft  #1 
Aircraft  #2 


(additional  models  to  be  developed) 


20  to  100  MHc 
100  to  10,000  Mis 
VHP 
UHF 

Cylindrical  surface 
Conical  surface 


OrF-FREQUENCY  REJECTION  MODELS  (OFR) 


♦Pulsed  Interference  Signs la 
Analog  Interference  Signals 


* These  are  the  two  propagation  models  and  tha  OFR  model  used  in  the  examples  presented  In  this  paper. 
2.1.1.  Pa*'  Between  Ground-based  Antennas  (Lustgarten,  M.N.,  1973) 

The  prop.  Ion  model  used  for  ground-based  equipments  includes  3 modes  of  propagation:  llne-of- 

slght,  dlffrac  >,  ond  troposcatter.  The  Inputs  to  the  model  are: 

HT  - Height  of  tranamltter  antenna  (feet) 

HR  - Height  of  receiver  antenna  (feet) 

D " Distance  b»~veen  antennas  (statute  miles) 

P0  - Frequency  t the  Interfering  signal  (Mis) 

A flow  diagram  lor  'he  model  is  shown  in  Figure  3.  The  model  is  used  for  frequencies  in  excess  of  .100  MHz 
and  the  design  iu  lmlced  to  be  Met  accurate  for  the  paths  having  losses  of  200  dB  or  lean,  which  is 
the  range  of  interest  in  moat  EMC  analyses.  The  model  was  developed  by  fitting  curvns  to  data  reduced 
from  hundreds  of  measurements  made  by  the  Institute  for  Telecommunication  Sciences.  An  ctxnmple  of  a 
printout  obtained  with  this  propagation  model  is  shown  in  Figure  4. 

The  convenience  of  ualng  a programmable  calculator  is  apparent  from  an  examination  of  this  sample 
printout.  After  the  . perator  inserts  the  magnetic  card  into  the  calculator  and  presses  the  GO  button 
the  process  involves  the  following  steps: 

1.  Title  of  program  is  printed. 

2.  First  set  of  instructions  is  printed. 

3.  The  operator  follows  the  Instructions  and  keys  in  the  values  for  KT,  HR,  end  D. 

4.  The  second  instruction  is  printed. 

5.  The  operator  keys  in  the  value  for  FO.  . 

6.  The  answer  is  printed. 

When  this  program  is  uaed  the  entire  process  can  be  accomplished  with  a calculator  in  about  30 
seconds.  To  do  the  calculations  manually  would  take  about  10  to  15  minutes  if  the  parson  were  well 
acquainted  with  the  mathematical  procedures  involved  or  much  longer  if  not. 


2.1.2.  Path  Loaa  Batman  Aircraft  Antannaa  (Khan,  P.J.,  1964),  (Morgan,  0.,  .1970) 

Pbr  the  example  partalnlng  to  antannaa  nountad  on  an  alrplana  fuaalaga,  the  path  loaa  la  calculatad 
using  methods  daacribad  In  tha  rafaranca  (Khan,  P.J.,  at  al,  1954).  Tha  procedure  antaila  calculating  tha 
path  loaa  batman  tha  antannaa  aaaualng  they  ara  nountad  on  a flat  conducting  plana  and  than  addin*  a 
corractlng  factor  to  account  for  tha  curvatura  of  tha  actual  aurfaca.  tfhen  tha  aurfaca  batman  tha 
antannaa  la  cylindrical,  tha  path  loaa  la  calculatad  ualn*  tha  procedure  shown  id  tha  flow  diagram  In 
Figure  5.  Tha  Inputs  to  tha  nodal  arat  tha  radlua  of  tha  cylinder  (fuaalaga),  the  diatanca  between  tha 
antannaa  along  tha  axis  of  tha  cyllndar,  tha  angla  between  tha  antannaa  (projactad  on  a plana  parpandlcular 
to  tha  axis),  and  tha  trananlttar  frequency.  An  axaapla  of  a printout  produced  with  this  nodal  la  shown 
In  figure  6. 

2.1.3.  Off-Frequaacy  Rejection  (Nawhouaa,  P.D.,  1969),  (feaon,  S,,  1960) 

Tha  OPR  which  dapanda  upon  tha  apectral  charactarlatlca  of  tha  Interfering  signal  and  tha  victim 
receiver.  For  pulsed  Interference  signals,  the  OPR  is  calculatad  using  tha  nodal  shown  In  tha  flow 
diagram  In  figure  7.  An  example  of  a printout  obtained  with  this  model  la  shown  In  figure  8.  The  Input 
parameters,  which  ara  Identified  In  tha  sample  printout  In  figure  8,  arc: 

BW  ■ Bandwidth  of  the  victim  receiver  (Ms) 

TAD  - Pulse  width  (batman  half-voltage  points)  of  tha  Interfering  pulaa  (micro-seconds) 

DKL  - Rise  time  of  tha  Interfering  pulse  (micro-seconds) 

FO  ■ Carrier  frequency  of  the  interfering  signal  (Mt) 

PR  - Tuned  frequency  of  the  victim  receiver  (Ms) 

For  analog  Interference  signals,  the  OPR  lm  the  attenuation  resulting  from  tha  selectivity  of  tha 
receiver. 

2.1.4.  INK  aa  a function  of  Frequency  Separation 

The  INK  calculatad  with  Equation  (1)  pertains  to  a particular  value  of  Af,  tha  frequency  separation 
between  tha  carrier  frequency  of  tha  interference  signal  and  tha  tuned  frequency  of  tha  victim  receiver. 

In  some  EMC  analyses,  the  INR  as  a function  of  Af  le  of  interest.  An  example  of  e printout  obtained 
with  a program  that  calculates  INR  vs  Af  la  shown  in  figure  9 . 

Families  of  INR  vs  Af  curves  can  be  plotted  as  In  Figure  10  to  show  the  trade-offe  between  INR,  Af 
(frequency  separation)  and  U (distance  separation)  for  a particular  pair  of  nomenclatures . A it  of 
curves  such  as  this  can  be  useful  to  siting  engineers  and  operational  personnel  who  are  concerned  with 
deploying  and  selecting  frequencies  for  radar  and  radio  equipment. 

2.2  I NTMHD  DOTATION 

An  Important  consideration  in  selecting  frequencies,  especially  for  communication  equipments,  la 
tha  possibility  of  Intemodulatlon.  Tha  mathematical  relationships  that  cause  lntermodulatlon  of  various 
orders  la  generally  well  known  and  can  be  found  In  tha  literature.  (RADC. , 1966).  In  tha  example, 
hare,  wa  ara  concerned  with  third  order  lntermodulatlon  which  results  when  tha  following  conditions  are 

met 

l2Fl  “ F2  " F3(  -G  (2) 

where,  F^,  F?,  and  F3  are  three  frequencies  taken  frost  a given  list  of  available  frequencies.  G la  tha 
giurd  bandwidth  or  minimum  separation  between  frequencies.  Including  thoaa  frequencies  produced  by 
lntermodulatlon.  When  the  above  condition  Is  eatlsfiad,  one  of  the  three  frequencies  should  be  eliminated 
from  the  list  to  prevent  the  possibility  of  third  order  lntermodulatlon. 

Each  frequency  and  all  the  poealble  pairs  of  the  other  frequencies  In  the  list  are  examined  In  this 
way  to  Identify  the  combinations  that  are  subject  to  third  order  lntermodulatlon.  Por  each  combination 
ao  identified,  one  of  the  frequencies  la  eliminated  to  yield  a list  <>f  frequencies  that  can  be  used 
without  third  order  intermdoulatlon. 

Tha  flow  diagram  of  an  algorithm  for  processing  a Hat  of  frequencies  is  shown  in  figure  11.  As 
shewn  In  an  example  printout  In  Figure  12,  this  algorithm  given  three  alternative  liet  of  frequencies  free 
of  third  order  lntermodulatlon. 

3.  CALCULATOR  FEATURES 

BCAC  will  provide  programs  for  both  daak-top  and  pocket- vita  programmable  calculators.  Desk-top 
calculators  are  preferred  because  they  can  accommodate  larger  programs  and  have  more  data  raglatara  and 
t la e- saving  faaturaa.  Pocket-size  calculators,  however,  are  such  lass  expansive  and  are  expected  to 
be  used  by  organisations  that  cannot  justify  tha  cost  of  desk-top  calculators. 

3.1  Pocket-size  Calculators 

A pocket-size  calculator  la  available  that  can  accommodate  a 100-step  program  from  elthar  tha 
keyboard  or  from  a magnetic  card.  There  la  also  a slightly  larger  calculator  that  can  accoModat*  two 
80-step  progiamz  from  tha  keyboard.  These  calculators  Impose  a greeter  burden  on  tha  operator  than  the 
daak-top  calculators,  but  they  are  attractive  from  a price  standpoint  — about  $800  each. 

A program  that  exceeds  the  capacity  of  one  of  these  small  programmable  calculators  can  ba  run  In 
sections,  for  enable,  tha  program  for  calculating  the  lnterfarence-to-nolse  ratios  (INR)  Includes 
subroutines  for  calculating  the  propagation  path  loaa  and  the  off-frequency  rejection  (OPR) ,and  thus 
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antalla  mir«l  hundred  program  atapa.  Thla  program  can  ba  racordad  on  several  carda  and  executed  by 
the  pockat-alaa  calculator  In  3 runa • Thla  kind  of  operation  requires  the  operator  to  ba  eapaclally 
alert  ao  that  tha  runa  ara  axacutad  In  tha  proper  sequence. 

3.2  Deak-top  Calculators 

Prograamable,  daak-top  calculators  ara  available  with  a variety  of  features  and  options.  Tha 
features  that  ara  Important  to  tha  capabilities  planned  by  BCAC  ara: 

3.2.1.  Mathematical  Function  Kays 

These  ara  essential  In  the  application  of  the  ECAC  models.  The  keys  provided  should  Include 
trigonometric,  logarithmic,  and  exponential  functions. 

3.2.2.  Printer 

TWo  basic  capabilities  ara  available:  (1)  Numeric,  or  (2)  Alphanumeric.  The  alphanumeric  printout 

capability  la  preferred  because  It  can  produce  a printout  that  more  clearly  ldentlflaa  Input  and  output 
data.  Evan  more  Important,  the  alphanumeric  capability  enablaa  the  calculator  to  communicate  with  the 
user  In  words,  that  la, It  can  printout  atep-by-atep  instructions  for  the  user  to  follow,  which  almost 
eliminatas  tha  learning  time  that  would  otherwise  ba  required  to  use  any  one  of  the  ECaC  models. 

3.2.3.  Number  of  Data  Registers 

Basic  desk-top  calculators  have  from  SI  to  128  data  registers,  depending  on  the  make.  The  number  of 
registers  la  expandable,  either  at  the  factory  or  In  the  field,  to  yield  a total  of  from  111  to  over 
8000.  At  this  time.  It  is  estimated  that  80Z  of  the  programs  to  be  supplied  by  ECAC  will  require  leas 
than  SI  data  registers;  and  that  95Z  will  require  less  than  111  data  registers.  The  5Z  of  the  programs 
that  are  expected  to  require  more  than  111  data  registers  ara  those  involving  the  processing  of  a large 
number  of  frequencies.  These  programs  have  not  yet  been  defined  and  will  be  the  last  to  be  developed. 

3.2.4.  Number  of  Program  Steps 

A basic  calculator  can  accomaodate  500  to  1024  program  steps,  depending  on  the  make.  This  number 
Is  also  expandable,  either  at  the  factory  or  in  the  field,  to  a total  from  2036  to  over  8000.  It  la 
estimated  that  50Z  of  the  programs  will  require  leas  than  500  steps,  90Z  will  require  less  than  1000 
steps,  and  100Z  will  require  less  than  2000  steps. 

3.2.5.  XY  Plotter 

Many  waken  of  calculators  are  designed  to  operate  with  XY  plotters.  Thla  capability  Is  vary  convenient, 
but  not  essential  in  the  application  of  tha  programs  to  be  supplied  by  ECAC.  However,  several  of  the 
programs  produce  outputs  that  are  most  useful  when  plotted  as  curves.  The  programs  will  printout  the 
coordinates  so  that  the  plotting  can  b done  manually  If  an  XY  plotter  is  not  available. 

3.2.6.  Recommended  Desk-top  Configurations 

Most  makes  of  prograamable  desk-top  calculators  are  designed  so  that  they  can  be  expanded;  various 
options  and  peripherals  can  be  added  In  the  field.  Thus  an  organization  Is  not  forever  bound  to  the 
configuration  of  an  original  purchase. 

ECAC's  objective  la  to  provide  the  EMC  community  with  mathematical  models  that  ara  convenient  to  use, 
even  by  individuals  who  have  only  an  occasional  need  to  perform  EMC  calculations.  To  take  maximum 
advantage  of  this  convenience,  a participating  organisation  should  have  a calculator  with  the  following 
features: 


1.  Mathematical  function  keys. 

2.  Alphanumeric  printer, 

3.  Data  registers  — at  least  100. 

4.  Program  steps  — at  leant  5000. 

5.  Programmable  from  magnetic  cards  or  tapes. 

Several  makes  of  calculatora  that  have  all  of  the  above  features  are  available  for  about  $5000. 

Calculators  having  less  capability  will  also  be  able  to  employ  the  ECAC  programs,  but  not  as 
conveniently.  For  example,  a calculator  with  only  500  program  staps  would  have  to  make  more  than  one 
run  to  perform  all  of  the  calculations  required  by  some  models.  A calculator  that  has  a numeric  rather 
then  alphanumeric  printout  will  require  the  user  to  rely  more  on  the  Instruction  manual  to  know  how  to 
use  tha  modal,  thereby  Imposins  • much  longer  learning  time  than  a calcusator  equipped  with  an  alphanumeric 
printer. 

4.  COST  EFFECTIVENESS  CONSIDERATIONS 

The  calculation  and  decision  processes  involved  in  the  models  to  be  supplied  by  ECAC  could  be 
performed  either  by  hand  or  with  a large  computer,  as  an  alternative  to  using  a calculator.  It.  comparing 
the  cost  eff jctivansee  of  these  alternatives,  an  organization  should  consldar  the  possible  advantages 
and  disadvantages  of  using  a calculator. 


23-5 


4.1.  Advantage  of  Calculator  Ovar  Band  Calculatlona 

1.  Greatly  raducaa  tha  computation  time ; aoat  calculatlona  can  ba  accomplished  In  laaa  than  ona 
nlnuta,  Including  tha  tin*  to  key  in  the  input  data. 

2.  Provides  greater  accuracy. 

3.  Aeaurea  the  uaer  of  proven  analytical  proceduraa  developed  by  CMC  epeclellata. 

4.  Provide*  a printout  that  record*  all  input  data,  output  data,  and  the  proceduraa  uaad  la  aaklng 
the  calculatlona.  (Appllaa  only  to  deak-top  calculatlona  with  printer.) 

5.  A la  oat  eliminate*  the  learning  tine  to  apply  a particular  natheaatlcal  nodal.  Thl*  could  aave 
several  hours  on  each  occaalon  tha  nodal  is  uaad.  (Appllaa  only  to  deak-top  calculatora  with  alphanumeric 
printer.) 

4.2.  Advantages  of  Calculator  Over  a Large  Computer 

1.  The  calculator  prograaa  supplied  by  tCAC  will  ba  ready  to  go;  no  redesign  to  tailor  the  prograaa 
to  a particular  ccmpvter  will  be  requlrad. 

2.  No  progran  maintenance  required. 

3.  Usually  more  accessible  and  faster  turn-around  tine. 

3.  Minimal  security  risk,  all  the  ragiatars  go  to  aero  whan  the  calculator  1*  turned  off. 

5.  Simple  to  use. 

4.3.  Possible  Disadvantages  of  the  Calculator 

1.  If  a large  uumber  of  people  In  an  office  must  share  a calculator;  Accessibility  could  be  nore  of 
a problam  than  It  is  with  batch-processing  in  a large  centrally  operated  computer. 

2.  Because  of  their  limited  storage  capacity,  calculators  era  not  practical  to  use  with  natheaatlcal 
models  that  require  a large  data  baa*. 

5.  PROGRAM!  TO  BE  OFFERED  BY  ECAC 

As  explained  in  the  introduction,  ECAC  is  going  to  Issue  a package  of  calculator  programs  eeml -annually. 
Tha  titles  of  the  programs  that  are  scheduled  to  ba  issued  during  1975  are  listed  in  TABLE  2.  This 
selection  of  programs  1*  based  on  our  judgement  of  the  kinds  of  prograaa  that  will  be  moat  useful  to 
subscribing  organisations  and  also  upon  the  ease  with  which  our  existing  coaqiutar  programs  can  be  adapted 
to  calculatora.  In  1975  the  programs  actually  lsaued  nay  differ  from  those  In  the  table  If  the  subscribers 
indicate  a preference  for  a different  selection  or  If  we  enccintar  any  difficult  problems  In  adapting 
any  of  our  existing  coaputer  programs  to  calculatora. 

A detailed  explanation  of  ECAC' a offer  and  the  steps  that  au  organisation  can  taka  to  become  a 
subscriber  can  be  found  in  the  reference  (ECAC,  1974). 

TABLE  2 

TENTATIVE  CALCULATOR  PROGRAMS 
To  Be  Issued  by  ECAC  In  January  1975 

1.  Propagation  Path  Loss  (20  to  10,000  MU) 

2.  Off-frequency  Rejection  (OFR) 

3.  Slgnal-to-Nolse  Ratio  (SNR) 

4.  Interference-to-Noise  Ratio  (INR) 

5.  Basic  Intermodulation  Analysis  System 

6.  Harmonic  Intermodulation  Analysis  System 

7.  Coordinate  Conversion  Program 

6.  Bearing  and  Distance 

9.  LAT/L0N  Proa  Bearing  and  Distance  , * 

10.  Antenna  Coupling  Loss 

10  Be  Issued  By  ECAC  In  July  1975 

1.  Airplane  Antenna  Coupling  Lots 

2.  Conformance  of  Radar  Emission  Spectrum  to  OTP  Standard 

3.  Fourier  Transforms  of  Trapesoidal  Pulses  with  fH  Otagnetron  Spectrum) 

4.  Cosite  Analysis  Subroutines 

5.  frequency  Analysis  Evaluation 

6.  PROGRAM  EXCHANGE 

Miny  of  tha  military  organisations  Involved  In  EMC  activities  either  have  or  plan  to  obtain 
programmable  calculators.  These  organisations  will  no  doubt  us*  programs  that  they  develop  themselves 
as  well  a*  the  programs  that  will  be  supplied  by  ECAC.  If  the  various  programs  were  to  be  collected 
and  kept  in  a central  library,  they  could  ba  used  by  all  of  the  members  of  the  BMC  coamunlty.  An 
arrangement  for  exchanging  calculator  program*  for  BMC  analysis  would  be  a great  convenlanc*  and  help 
to  minimise  the  coat  of  performing  EMC  calculations. 

Since  ECAC  will  soon  have  an  extensive  library  of  calculator  programs,  ECAC  could  maintain  a 
central  library  of  programs  developed  by  the  mmibere  of  the  EMC  community  and  provide  the  means  for 
distributing  the  programs  as  raquested  by  the  members. 
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Fig.  1 Interference-to-noise  ratio  parameters. 


Fig.  2 Interference-to-noise  ratio  (INR)  model  flow  diagram. 
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Fig.  4 Example  of  printout  obtained  with  the  propagation  path  loss  model  (ground-based  antennas) 
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Fig.  7 Off-frequency  rejection  (OFR)  model  flow  diagram 
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c23-// 


INK  2*00 

CALCULATION  1-00 

I HR  VS  PRNQUEMCV  0.O5 

ENTER  HT.  HR.  D ANY  ERRORS? 

XXXXXX  KHTER  FR 

XXXXXX 

50.00 

75.00  2800.00 
85.00 

ANY  ERRORS? 


ANY  ERRORS? 
ENTER  FO 
XXXXXX 

OFR  - 

0.00 

2800.00 

INR  - 

24.90 

LP  - 

205.10 

FD  » 

0.00 

ENTER  FT.  GT,  GR 
XXXXXX 

XXXXXX 

OFR  » 

-13.59 

OFR  - 

-70.84 

INR  = 

11.31 

INR  - 

-45.34 

FD  « 

2.15 

FD  * 

100.00 

XXXXXX 

XXXXXX 

OFR  = 

-20.26 

OFR  » 

-84 . 18 

INR  = 

4.65 

INR  - 

-59.28 

FD  = 

4.64 

FD  = 

215.44 

XXXXXX 

XXXXXX 

OFR  « XXDONEXX 

-44.18 


23-14 


3rd  ORDER 

THE  INTERMOD 

ALTERNATIVE 

THE  GOOD 

THE  GOOD 

interhod 

COMBINATIONS 

RESULTS 

FREQS  ARE 

FREQS  ARE 

ARE 

ENTER  FREQS 

THE  INTERMOD 

3.00 

1.00 

3.00 

COMBINATIONS 

15.00 

3.00 

1.00 

1.00 

ARE 

20.00 

10.00 

3.00 

5.00 

23.00 

15.00 

5.00 

3 00 

30.00 

16.00 

10.00 

10.00 

1.00 

33.00 

23.00 

15.00 

5.00 

5.00 

35.00 

33.00 

16.00 

15.00 

35.00 

20.00 

10.00 

xxxxx 

23.00 

20.00 

5.00 

XX  DONE 

30.00 

5.00 

15.00 

ALTERNATIVE 

33.00 

35.00 

RESULTS 

35.00 

15.00 

23.00 

10.00 

THE  INTERMOD 

ENTER 

16.00 

20.00 

COMBINATIONS 

ESIRED 

30.00 

ARE 

GUARD 

23.00 

MIDWIDTH 

THE  GOOD 

16.00 

3.00 

FREQS  ARE 

30.00 

1.00 

0.10 

5.00 

1.00 

/ 

i 

5.00 

15.00 

. / 

15.00 

10.00 

16.00 

20.00 

30.00 

33.00 

23.00 

35.00 

16.00 

xxxxxx 


30.00 


J 


Fig.  12  Example  of  printout  obtained  with  the  3rd  order  intermodulation  program. 
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SUMMARY 


Secondary  surveillance  Radar  (SSR)  is  an  important  means  of  air  traffic  surveillance  and  identification 
for  both  military  and  civil  air  operations.  The  reliance  on  SSR  generated  the  need  for  simulation  and 
mathematical  models  to  assist  with  the  analysis  of  IFF/SSR  performance.  One  such  model  was  developed  at 
the  DoD  Electromagnetic  Compatibility  Analysis  Center  in  Annapolis,  MD. 

An  efficient  and  versatile  mathematical  technique  was  sought  to  answer  questions  such  as:  Will  a trans- 

ponder reply,  and  how  often  will  interrogations  be  garbled?  Markov  chain  theory  was  selected  as  the  best 
technique  for  this  purpose.  A Markov  chain  was  created  for  each  transponder  type  (military,  air  carrier, 
general  aviation) . The  states  of  each  chain  represent  the  logic  and  timing  within  the  transponding  equip- 
ment. The  probabilities  of  transitioning  between  states  are  calculated  as  a function  of  the  transmitter 
and  signal  environment  detected  by  the  transponder.  Solving  the  steady-state  equations  derived  from  the 
transition  probabilities,  permits  the  calculation  of  probability  of  reply,  probability  of  garble,  inter- 
rogation rates,  fruit  rates  and  other  transponder  performance  parameters. 

The  automated  IFF/SSR  prediction  model  was  constructed  around  the  Markov  chain  models.  Inputs  to  the 
prediction  model  include  the  interrogator  environment  and  an  air  traffic  deployment  for  a specific  geographic 
area.  For  each  transponder  in  the  deployment  the  model  determines  those  interrogators  whose  signals  are 
received;  calculates  the  transition  probabilities;  selects  the  proper  Markov  chain;  and  calculates  trans- 
ponder performance  parameters.  These  parameters  are  then  used  to  calculate  the  performance  of  a selected 
interrogator  system. 

To  gain  confidence  in  the  model  predictions,  results  were  compared  with  predictions  from  a previously 
validated  simulation  and  with  available  measured  interrogation  and  suppression  arrival  rates.  The  compari- 
son showed  that  the  IFF/SSR  model  predictions  correlated  well  with  both  the  other  predicted  data  and  the 
measured  data. 

The  results  of  this  paper  show  that  the  IFF/SSR  prediction  model  with  Markov  chain  transponder  model*,  - — 
provides  a powerful,  flexible,  reliable,  and  accurate  analysis  capability.  

1.  INTRODUCTION 

Secondary  Surveillance  Radar  (SSR)  is  now  an  important  means  of  air  traffic  surveillance  as^well  as 
military  identification  (IFF)  in  Europe  and  the  United  States.  Because  of  this  dependency  on  SSR  for  air 
traffic  control,  studies  of  SSR  equipments  and  performance  have  increased.  Automated,  mathematical  and 
simulation  models  have  been  developed  to  assist  in  the  analysis  of  IFF/>SR  performance  (FAA,  1974;  CEAC, 

1973;  UK  IFF/SSR  Policy  Board,  1970),  This  paper  discusses  an  automated  IFF/SSR  performance  prediction 
model  (PPM)  developed  at  the  Department  of  Defense  F.lectromagnetic  Compatibility  Analysis  Center  (DoD  ECAC) 
in  Annapolis,  Maryland  (Sutton  and  Ehler,  1973).  The  mathematical  basis  for  this  model  is  the  application 
of  Markov  chain  theory  to  the  modelling  of  the  IFF/SSR  transponder.  The  probabilities  of  transitioning 
between  states  are  calculated  as  a function  of  the  transmitter  and  signal  environment  detected  by  the 
transponder.  Solution  of  the  steady-state  equations  for  the  Markov  chain  produces  the  IFF/SSR  transponder 
performance . 

The  Markov  chain  transponder  models  are  the  core  of  the  PPM,  which  uses  deployments  and  character- 
istics of  IFF/SSR  interrogators  and  airborne  transponders  to  predict  both  transponder  performance  and 
overall  SSR  system  performance. 

This  paper  is  divided  into  four  sections:  1)  a brief  description  of  the  SSR  system  2)  a discussion 

on  the  Markov  chain  transponder  model  3)  a brief  description  of  the  IFF/SSR  PPM;  and  4)  a discussion  of 
how  the  PPM  results  compare  with  results  from  another  model  and  measured  data. 

2.  IFF/SSR  DESCRIPTION 

Figure  1 shows  the  general  configuration  of  IFF/SSR  equipments.  The  coder/decoder  prepares  the 
interrogations  (i.e.,  target  identity  requests)  and  sends  them  to  the  interrogator.  The  interrogations 
are  pulse  amplitude  modulated  on  a 1030  MHz  carrier.  Aircraft,  properly  equipped,  will  detect  the  inter- 
rogations, decode  them,  and  transmit  a reply  at  1090  Replies  received  at  the  interrogator  are  decoded 

and  displayed  on  a Plan  Position  Indicator  (PPI) . 

Four  interrogation  modes  (1,  2,  3/A,  C)  can  provide  position  and  identity  information  of  properly 
equipped  military  and  civilian  aircraft.  The  interrogations  may  be  transmitted  at  a rate  which  is  a 
submultiple  of  the  pulse  repetition  frequency  (PRF)  of  the  associated  primary  radar.  When  IFF/SSR  equip- 
ments are  not  used  with  a primary  radar,  an  internal  trigger  establishes  the  PRF.  The  modes  are  transmitted 
automatically  in  a given  repetitive  sequence  (mode  interlacejat  the  IFF/SSR  PRF.  Modes  1,  2,  3/A  are 
normally  used  by  the  military  for  identification  and  air  traffic  control.  The  civil  air  traffic  control 
systems  use  mode  3/A  for  identification  and  surveillance.  Both  military  and  civilian  may  use  mode  C for 
altitude  determination. 
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2.1.  Th  iFF/SSR  Interrogation  Modes. 

These  Modes  have  the  form  shown  in  Figure  2.  The  Pj  and  Pj  pulses  represent  the  interrogation. 

The  P2  pulse  is  the  Interrogator  Sidelobe  Suppression  (ISLS)pulse.  The  tine  spacing  between  Pj  and  P3 
uniquely  identifies  the  interrogation  node.  The  tables  in  Figure  2 give  the  pulse  spacing  and  astplitude 
requirements  for  valid  node  1,  2,  3/A,  and  C interrogations  and  the  specifications  frr  the  interrogation 
pulses  (FAA,  1971). 

The  airborne  transponder,  depending  on  its  function,  may  have  the  capability  to  decode  all,  sone, 
or  any  one  of  the  nodes.  When  the  transponder  detects  an  interrogation,  it  prepares  a proper  reply.  All 
replies  have  the  sane  format  (Figure  3) . The  code  pulse  content  is  determined  by  the  four-digit  octal 
code  selected  by  the  pilot  (e.g..  Figure  4).  The  pilot  can  indicate  emergencies  and  conmunications 
failures  by  setting  the  transponder  to  reply  with  node  3 codes  7700  and  7600  respectively. 

Th".  decoders  interfacing  with  the  interrogator  identify  the  signal  as  a reply  by  the  spacing  of  the 
framing  pulses,  the  code  pulse  content,  and  the  node  of  interrogation.  The  pilot  can  further  validate  his 
identity  by  transnitting  with  his  replies  another  pulse  (Special  Identification  Pulse)  spaced  24.65  ± 0.05 
us  after  Fj  (Figure  3) . This  pulse  causes  the  reply  on  the  PPI  to  be  different  from  any  other  aircraft 
with  the  sane  code. 

Mode  C requests  altitude  information  from  properly  equipped  transponders  and  altimeters.  The 
altimeter  encodes  the  aircraft  altitude  in  binary  coded  decimal  (BCD)  format.  When  the  transponder  decodes 
a mode  C interrogation  the  altitude  is  encoded  in  the  basic  IFF/SSR  reply  format.  Mode  C is  always  inter- 
laced with  at  least  one  of  the  other  IFF/SSR  modes. 

2.2.  The  IFF/SSR  Transponder. 

Figure  S is  a block  diagram  of  a transponder  employing  all  the  IFF/SSR  modes.  When  the  transponder 
detects  a valid  interrogation,  the  transponder  suppresses  each  mode  decoder  for  a time  period  not  to  exceed 
12S  us  (FAA,  1971) . [luring  this  deadtime  the  transponder  prepares  and  transmits  a reply.  The  time  required 
to  transmit  the  reply  is  approximately  30  us.  Additional  deadtime  is  sometimes  provided  to  prevent  trans- 
ponder replies  to  reflections  of  the  original  interrogation. 

When  a sidelobe  suppression  interrogation  enters  the  transponder,  all  mode  decoders  are  inhibited 
for  35  ± 10  us . 

The  transponder  receiver  can  be  suppressed  from  external  sources  such  as  a Tactical  Air  Navigation 
(TACAN)  interrogator  or  an  SSR  associated  Collision  Avoidance  System.  The  TACAN  suppression  occurs  For 
approximately  20  us  at  a rate  of  30/s  in  track  and  150/s  in  search.  A collision  avoidance  system  could 
cause  the  transponder  not  to  reply  to  valid  interrogations  4.5  percent  of  the  time.  (Special  Committee 
H6.-B.,_1970.) 

Transponder  overload  circuitry  senses  reply  rate,  sidelobe  suppression  rate,  and  pulse  rate,  and, 
if  the  preset  limits  for  these  parameters  are  exceeded,  the  transponder  reduces  sensitivity  as  a means  of 
bringing  the  monitored  rates  below  the  preset  limit. 

This  transr-mder  feature  not  only  protects  the  transmitter,  but  also  helps  maintain  adequate  SSR 
system  performance . The  reply  rate  is  kept  at  a tolerable  level  and  allows  the  interrogators  interested 
in  a particular  aircraft  to  gave  their  queries  answered.  The  preset  limits  may  be  adjusted  to  optimize 
transponder  f-  •.  : Usa  perf'-  ince. 

2.3.  Sin  ' -ota  Suppression. 

The  int  ,-rogator  receives  replies  created  in  response  to  its  own  mainbeam  interrogations.  Unwanted 
replies  or  other  random  signals  entering  the  receiver  interfere  with  the  detection  of  valid  replies. 

This  interference  can  be  reduced  by  interrogator  sidelobe  suppression  (ISIS).  ISLS  forces  transponders  to 
reply  only  to  mainbeam  interrogations.  Interrogations  emanating  from  the  sidelobes  of  the  interrogator 
antenna  do  not  generate  replies  from  the  transponders.  This  reduces  the  number  of  unwanted  replies  which 
could  (1)  interfere  with  the  detection  of  valid  replies  at  the  interrogator  of  interest  or  other  inter- 
rogators and  (2)  overload  the  transponder  transmitter. 

The  interrogator  provides  this  capability  by  adding  a third  pulse  to  the  basic  interrogation  (See 
Figure  2).  This  pulse  is  placed  2 ±0.15  us  after  the  leading  edge  of  the  first  pulse  and  is  transmitted 
via  an  omni-directional  anter”"'.  Tht.  - of  this  antenna  is  greater  than  the  gain  of  the  major  sidelobes 
of  the  directional  ante.  "?.,  r at  l;o  d&  below  the  mainbeam  gain.  The  U.S.  National  Standard  FAA, 

1971  for  the  IFF  MARK  X (SIF)  Air  Traffic  Control  Radar  Beacon  System  and  Attachment  B to  Part  I,  ICAO 
Annex  10,  Aeronautical  Telecomaunications  state  the  transponder  will  reply  to  a valid  interrogation  when 
Pj  (ISLS  pulse)  is  at  least. 9 dB  below  Pj  . When  P2  >_ Pj  the  transponder  suppresses  for  35  t 10  us  and 
transmits  no  reply.  ” 

In  Figure  6 the  reflected  mainber  ‘-'♦errogation  is  received  at  the  transponder  and  the  transponder 
replies.  This  creates  a false  target  al  he  azimuth  of  the  mainbeam.  The  Pj  pulse  from  the  sidelobe 

of  the  directional  antenna  and  the  P2  1 from  the  omni  did  not  cause  a suppression  before  the  arrival 

of  the  reflected  interrogation  because  received  power  of  the  Pj  pulse  was  below  the  transponder 
sensitivity  and  not  detected  by  the  transponder.  To  alleviate  this  problem  Pj  and  P2  are  transmitted  by 
the  omni  antenna.  The  P2  input  power  to  the  omni  antenna  is  twice  that  ot  P]  . Pj  and  P3  continue  to  be 
transmitted  directionally.  Now  the  transponder  will  suppress  prior  to  receiving  the  reflected  mainbeam 
interrogation  because  Pj  and  P2  are  both  received.  No  false  target  occurs.  This  system  is  called  Improved 
Interrogator  Sidelobe  Suppression,  and  is  employed  with  SSR  systems  in  the  United  States  and  Europe. 


t 
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3.  HARKOV  CHAIN  TRANSPONDER  MODEL 

In  order  to  Measure  the  performance  characteristics  of  a transponder,  the  most  efficient  and  best 
model  was  sought.  A technique  was  needed  which  could  provide  answers  to  such  questions  as  the  following: 

1.  Mill  a transponder  reply  when  it  is  challengedT 

2.  How  long  was  the  transponder  in  a state  of  suppression? 

3.  How  many  mainbeam  and  sidelobe  interrogations  were  received  by  the  transponder? 

4.  Mas  a certain  mode  interrogation  changed  to  another  node  by  the  presence  of  an  undesired 
interrogation  frou  another  interrogator? 

5.  How  many  of  these  changes  took  place,  and  how  did  they  degrade  overall  system  performance? 

Many  other  similar  questions  were  considered.  All  required  in  depth  analysis,  but  were  interrelated 
so  that  an  answer  to  one  would  be  conditioned  by  the  other.  To  obtain  predictions  about  aircraft  trans- 
ponder performance  characteristics,  a modelling  approach  using  a Markov  chain  was  developed. 

A Markov  chain  is  a process  which  moves  from  one  state  or  condition  to  another  state  or  condition 
with  a certain  finite  probability.  If  at  any  time  the  process  is  in  state  s^,  then  it  moves  in  the  next 
step  to  state  sj  with  a probability  pjj.  A matrix  of  inter-state  transition  probabilities  can  be  produced 
to  show  how  the  process  may  move.  Movement  should  only  be  conditioned  upon  the  present  state  of  the  system. 
(Kemeny  and  Snell,  1960.) 

Markov  chains  are  classified  according  to  whether  it  is  possible  to  transition  from  a given  state 
to  another  given  state  in  the  chain.  Two  states  are  said  to  coununicate  if  in  a finite  number  of  steps, 
transition  can  be  mode  from  one  to  the  other  and  back  again.  States,  therefore,  are  classified  into  sets 
of  either  transient  or  non-transient  (ergodic)  states.  If  a process  leaves  a transient  set  of  states,  it 

can  never  return,  while  if  it  enters  an  ergodic  set  of  states  it  may  never  leave. 

The  Markov  chain  developed  to  model  the  IFF/SSR  transponder  contains  states  which  form  an  ergodic 

set.  A 2 micro-second  time  step  was  used  as  the  basic  time  unit  for  transitioning  between  states  since 

this  was  the  spacing  between  the  Pj  and  Pj  pulses  in  the  IFF/SSR  interrogation. 

Figure  7 displays  the  Markov  chain  which  models  a transponder  capable  of  replying  only  to  mode  3 
IFF  interrogations.  There  are  2S  states  in  this  chain,  so  that  at  any  given  time  the  transponder  is 
operating  in  one  of  these  25  states.  State  number  1 is  the  condition  of  the  process  in  which  the  trans- 
ponder is  open,  ready  to  receive  an  interrogation.  State  2 is  the  condition  that  a sidelobe  suppression 
has  entered  the  transponder.  States  4,  S,  6,  and  7 are  conditions  where  a valid  mode  3 mainbeam  inter- 
rogation is  received.  To  be  in  state  3,  an  interfering  interrogation  must  occur  when  the  transponder  was 
in  state  5,  then  the  mainbeam  interrogation  ..ill  be  changed  to  a sidelobe  suppression.  States  8 through 
25  imply  a deadtime  condition,  when  the  transponder  has  been  interrogated  and  is  not  open  to  further 
interrogations  until  state  25  has  been  reached.  These  states  may  be  reached  by  the  occurrence  of  a side- 
lobe interrogation,  a garbled  mainbeam  interrogation  or  a mainbeam  interrogation  itself. 

The  25  states  shown  in  Figure  7 are  connected  with  arrows  to  indicate  how  transition  may  take  place 
when  the  transponder  is  in  any  given  state.  Within  a finite  number  of  time  steps,  it  will  be  possible 
to  transition  from  any  beginning  state  to  any  other  state  and  back  again,  therefore,  all  states  communicate 
with  one  another  and  form  an  ergodic  set . 

Based  upon  the  number  of  interrogators  in  a ground  envirnoment,  probabilities  of  transition  from  one 
state  to  another  are  calculated  for  one  time  period.  That  is,  if  the  process  is  in  state  1,  what  is  the 
probability  that  within  the  next  time  increment  it  will  be  in  state  1,  or  state  2,  etc?  These  one-step 
transition  probabilities  are  displayed  in  Figure  8 as  a matrix  of  transition  probabilities.  If  a state 
cannot  be  reached  from  another  state  in  one  time  step,  then  the  probability  assigned  is  zero.  The  value  of 
Pij  is  found  by  using  an  i in  the  left  hand  column  and  a j in  the  top  row,  then  the  row/column  intersection 
is  the  probability  of  transitioning  from  state  i to  state  j in  one  time  step. 

To  obtain  the  probability  that  in  two  time  steps  a transition  between  two  states  occurs,  the  one 
step  transition  matrix  is  squared.  To  find  the  n-step  transition  matrix,  the  one-step  transition  matrix 
is  raised  to  the  nth  power.  As  n becomes  large,  the  matrix  multiplication  produces  a steady  state  matrix 
of  probabilities,  each  row  contains  the  same  or  nearly  the  same  values.  These  values  predict  the  probabil- 
ity that  at  any  given  time  the  transponder  is  in  any  given  state. 

An  alternate  method  of  generating  these  steady  state  probabilities  is  to  develop  a set  of  simulta- 
neous equations  using  the  one  step  transition  matrix.  If  Pj  represents  the  steady  state  probability  of 
being  in  state  i,  then 

P,  * / p.,  P.  : V-  where  p..  > 0 

i 2-w  \)i  } *ji  - 

j 

where  p^  is  the  probability  of  transitioning  from  state  j to  state  i in  one  step.  There  will  be  i of 
these  equations  and  these  together  with  the  constraint 

4 of  states 
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fonts  a set  of  simultaneous  aquations  which  can  be  solved  for  the  values  of  Pi  i * 1*2 maaber  of 

states. 


Figure  9 shows  a Harkov  chain  for  a transponder  capable  of  replying  to  Modes  1,  2,  3/A,  and  C. 

It  contains  84  states. 

Figure  10  is  a mode  1,  2,  and  3/A  chain  with  61  states.  Other  Harkov  chains  were  developed  for 
other  mode  combinations. 

3.1.  Transition  Probability  Calculations. 

The  transition  probabilities  (TABLE  1)  depend  on  the  IFF/SSR  interrogation  received  by  the  trans- 
ponder, To  explain  how  the  probabilities  are  calculated  using  the  environmental  information,  an  example 
calculation  is  outlined  below. 

Consider  a transponder  receiving  signals  from  a set  S of  N interrogators  with  each  interrogator 
having  one  of  three  mode  interlaces:  3,  33C,  or  2SC.  The  N interrogators  are  grouped  according  to  mode 

interlace  into  three  independent  groups.  Group  (or  set)  Sj  has  Ni  interrogator*  using  mode  3 interlace. 

In  group  Sj  there  are  interrogators  using  the  53C  interlace,  and  in  group  Sj  there  are  N3  interrogators 
using  the  23C  mode  interlace,  sc  that  Nj  + Nj  ♦ Nj  » N. 


Each  of  these  three  groups  are  further  divided  into  three  independent  subgroups,  so  that  in  group 
N',  , is  the  subgroup  of  Nj^  interrogators  whose  mainbeam  interrogations  only  are  received  by  the  trans- 


ponder. A subgroup  S has  N 


s interrogators  whose  mainbeam  interrogations  and  sidelobe  suppressions 


1 1 

received.  Finally,  subgroup  contains  interrogators  whose  mainbeam,  sidelobe  and  backlobe  signals 


•re  received  (N_  ♦ N.  + N.  « N,  }. 

■l  sl  bl  1 

Interrogators  in  each  group  are  assumed  for  modelling  purposes  to  have  identical  PRF's.  This  PRF 
is  the  average  of  the  PRF's  of  all  of  the  interrogators  in  the  group.  It  is  assumed  further  that  the 
interrogator  antenna  azimuth  characteristics  are  identical  for  all  of  the  interrogators  in  the  group  and 
are  obtained  fro*  averaging  the  azimuth  beamwidths  of  all  of  the  interrogators  in  the  group.  (The  inter- 
rogator antenna  azimuth  pattern  is  assumed  to  have  a mainbeam,  a sidelobe,  a backlobe,  and  a null  where, 
mainbeam  width  + sidelobe  width  ♦ backlobe  width  ♦ null  width  • 560°.) 


Using  these  assumptions,  probability  calculations  can  be  made  using  Bernoulli  trials  by  taking  one 
experiment  which  can  occur  N number  of  times. 

The  transition  probability  33  (the  probability  that  the  first  pulse  of  a mode  3,  mainbeam  interroga- 
tion arrives  at  the  transponder)  is  used  to  demonstrate  the  calculation  technique. 


From  group  Sj  with  Ni  interrogators  the  three  independent  subgroups  are  used.  The  first  pulse  of 
mode  3,  mainbeam  interrogation  may  be  received  from  any  interrogator  in  subgroup  N . The  probability 

of  this  occurring  is  the  product  of  the  probability  that  tne  interrogator  is  interrogating 
at  that  time,  and  that  the  mainbeam  is  pointed  at  the  transponder. 


probability  of  receiving  Average  mainbeam 

the  first  pulse  of  a mode  » p » (2  • 10~6)  • Average  PRF  • width  in  Sj 

3,  mainbeam  interrogation  

Then  i-p  is  the  probability  that  the  pulse  is  not  received  from  an  interrogator  in  this  subgroup.  There- 
fore, the  probability  of  obtaining  exactly  1 occurrence  of  a mode  3,  mainbeam  first  pulse  from  the  subgroup 
is  binomial ly  distributed  and  can  be  calculated  by 


[V  -0 

(i-p)  1 


Now  the  interrogators  in  subgroup  S are  considered.  Mainbeam  interrogations  and  sidelobe  soppres- 
. *1 

sions  are  received  at  the  transoonder  fiom  this  subgroup.  The  3 different  events  which  can  occur  from 
this  subgroup  are  receiving  1)  the  first  pulse  of  a mode  3,  mainbeam  interrogation  2)  the  first  pulse  of 
a mode  3,  sidelobe  suppression  or  3)  neither  a mainbeam  or  sidelobe  signal.  The  probabilities  are  calcu- 
lated as  before: 


probability  of  receiving 
the  first  pulse  of  a mode 
3,  mainbeam  interrogation 


MB 


(2 


10'6)- 


Average  PRF. 


Average  mainbeam 
width  in 

360 


probability  of  receiving 
the  first  pulse  of  a mode 
3,  sidelobe  suppression 


PSl  “ ' 10  °)*  Average  PRFS 


Average  sidelobe 
width  in 

360 


The  probability  of  not  receiving  an  interrogation  from  any  member  of  this  subgroup  is  1 ' PMB  ‘ PSL' 
For  this  subgroup,  the  probability  of  obtaining  exactly  one  mode  3,  mainbeat  interrogation  is  of  the  form. 


a 


K]°-  ['-’»■  '«■] 
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For  the  subgroup  with  N.  interrogators,  the  probabilities  are  calculated  in  the  saae  manner  as 
above,  except  that  the  sidelobe}  and  backlobe  suppressions  are  classes  together  as  one  type  to  give,  in 
effect,  a wider  sidelobe.  The  probability  of  exactly  one  node  3,  aalnbeaa,  first  pulse  Js  given  by, 


f;)  [n.]1  -[^SLBl]0  -[l-Ni-'sLBL  f* 
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Then  the  probability  of  receiving  the  first  pulse  of  a node  3,  aalnbeaa  interrogation  froa  the  inter- 
rogators with  a 3/A  interlace  is  the  sua  of  the  three  independent  subgroup  calculations. 

For  thr  second  and  third  groups  respectively,  an  average  node  3 FRF  is  calculated  as  a function  of 
the  nuaber  of.  aodc  3 interrogations  in  the  aode  interlace.  Slaiiar  equations  are  developed  as  for  the 
first  group,  and  the  probability  of  receiving  the  first  pulse  of  a aode  3 aalnbeaa  interrogation  froa 
each  subgroup  is  calculated.  However,  these  subgroups  aay  produce  aode  2 and  aode  C interrogations,  so 
that  in  calculating  the  probability  of  receiving  a aode  3 interrogation  and  no  other  interrogations,  the 
probability  of  receiving  tha  first  pulse  of  a aode  3 interrogation  aust  be  aultiplied  by  the  probability 
of  not  receiving  aode  2 or  aode  C respectively  for  the  second  and  third  interrogator  groups.  Then  to 
calculate  B3,  all  probabilities  of  receiving  the  first  pulse  of  a aode  3,  aalnbeaa  interrogation  froa  all 
of  the  three  groups  are  summed. 

The  other  transition  probabilities  with  the  exception  of  TP  aay  be  calculated  siailarly  to  B3. 

The  general  equations  used  for  transition  probability  calculations  are  given  in  TABLE  2.  TABLES  3,  4, 
and  S define  the  notation. 

The  calculation  for  the  probability  TP  (the  probability  of  receiving  an  interfering  pulse)  uses 
the  assumption  that  all  interfering  signals  have  identical  characteristics.  Since  the  signals  received 
by  the  transponder  may  consist  of  all  modes  of  operation,  the  interfering  interrogation  has  a length  which 
is  the  expected  value  of  the  interrogation  lengths  actually  in  the  enviromaent. 

By  postulating  that  all  interfering  signals  received  at  the  transponder  look  the  same,  each  inter- 
rogator can  be  considered  an  identical  independent  experiment.  This  set  of  N experiments  (all  interroga- 
tors whose  signals  are  received  by  the  transponder)  can  be  sorted  into  three  independent  groups  S_  , Ss  , 
and  . Each  experiment  in  each  subset  has  two  or  three  mutually  exclusive  events  as  specified^  1 

in  TABLE  6.  has  interrogators,  (i.e.,  all  the  interrogators  such  that  only  the  mainbeam  signals 

are  received  by  the  transponder).  has  Ns^  interrogators,  has  Nh^  interrogators. 

Receiving  an  interfering  interrogation  means  that  two  interrogations  have  entered  the  transponder 
together,  one  the  desired  signal  and  the  other  the  interfering  signal.  Therefore,  TP  is  the  probability 
of  receiving  two  ata inbeam  interrogations  or  a mainbeam  and  a sidelobe  interrogation  or 


TP  ■ P2MB  ♦ PMBSL 

where, 

P2MB  = P(2,N  -2)  P (0,0, N ) P (0.0, R ) ♦ P (1,N  -1) 

t.  t t t 

[P(1,0,N  -1)  P (0,0, N.  ) ♦ P (0,0, N ) P (1,0, R -1)]  ♦ 
st  °t  t Dt 

P(0,N  ) [P(2,0,N  -2)  P (0,0, N.  ) ♦ P (1,0, N -1) 

t t t t 

P(1,0,  R -1)  ♦ P (0,0, N ) P (2,0,R  -2)] 
t t t 

PMBSL  - P(1*N«t  ~X)  CP(0*1*Ns  ‘n  P <°>°»Nb  ) * P C0,0,Ns  ) 

P(0,1,N.  -1)]*  P (0,N  ) [P(1,1,N  -2)  P (0,0, N.  ) ♦ 
t "t  st  Dt 

P(1  »0,N  -1)  P (0,1, N.  -1)  ♦ P (0,1  ,N  -1) 
t Dt  *t 

P(1,0,N  -1)  + P (0,0, N ) P (1,1,N.  -2)] 

t 3t  t 

3.2.  Transponder  Performance  Calculation. 

The  steady  state  probabilities  obtained  from  the  Markov  Process  are  used  to  determine  the  various 
factors  which  affect  system  performance.  One  most  important  factor  is  establishing  whether  or  not  any 
interrogator  will  elicit  a reply  from  the  transponder.  For  any  transponder  model,  this  is  determined  by 
predicting  if  the  transponder  is  open  ready  to  receive  and,  if  so,  whether  the  ensuing  interrogation  passes 
through  the  interrogation  decoding  phase  of  the  transponder  intact  and  unchanged. 

For  the  transponder  replying  to  mode  3 only,  (Figure  7),  the  probability  of  being  open  is  the  steady 
state  probability  Pt.  The  probability  of  not  changing  a mainbeam  mode  3 interrogation  to  a sidelobe 
suppression  by  inserting  a pulse  in  the  proper  sidelobe  position  is  the  probability  that  the  system  is  in 
state  7 divided  by  the  probability  that  it  enters  the  interrogation  phase.  The  product,  then,  of  Pj  and 
P7/P4  determines  the  probability  of  reply  for  the  transponder.  This  is  the  primary  measure  of  transponder 
effectiveness. 


The  y.ceady  state  probabilities  can  be  used  to  obtain  the  expected  number  of  times  per  second  that 
the  pystem  1.*;  in  ii  particular  state.  As  an  example,  state  7 represents  the  last  step  in  a valid  inter- 
relation phasne,  P-,,  the  probability  that  the  system  is  in  state  7,  is  based  on  a 2 microsecond  time  inter- 
val. Therefore,  for  every  2 microseconds,  the  system  would  be  expected  to  be  in  state  7,  (P7)  x (100) 
percent  of  the  time.  So  that  in  one  second,  the  expected  nunber  of  completed  valid  interrogations  or 
number  of  replies  equal  (P7)  x (500,000).  Also  the  expected  number  of  sidelobe  suppressions  per  second  is 
<P2)  x (500,000'.  Other  calculations  can  be  similarly  made  for  each  of  the  other  states  in  the  chain. 

4.  AN  IFF/SSR  PERFORMANCE  PREDICTION  MODEL  (PPM) 

The  Markov  chain  transponder  models  were  developed  as  the  basis  of  an  automated,  environmental 
iFJ/SSS  per formar.ee  prediction  model.  The  PPM  (Figure  11)  accepts  as  inputs  1)  the  deployment  and 
characteristics  of  an  interrogator  environment  and  2)  the  deployment  and  characteristics  of  airborne 
tranr ponders . The  rodel  first  calculates  the  performance  of  each  transponder.  Taking  one  transponder  at 
a time  the  model  determines,  using  free-space  path  loss,  interrogator  and  transponder  antenna  gains,  and 
transponder  receiver  sensitivity,  those  interrogators  whose  transmissions  are  received  at  the  transponder. 
These  interrogators  are  then  grouped  as  discussed  in  paragraph  3.1,  in  preparation  for  t\  transition 
probability  calculation. 

< After  the  probabilities  are  calculated,  the  PPM  then  selects  a Markov  chain  transponder  model. 

Because  transponder  characteristics  are  a function  of  the  type  (military,  airline,  general  aviation), 
nineteen  transponder  models  were  developed  to  represent  transponder  types  having  different  deadtime  and 
mode  characteristics.  The  model  selection  depends  on  the  type,  the  interrogation  modes  receiveable,  and 
the  mode  capability  of  the  transponder. 

After  selecting  the  proper  model,  the  PPM  solves  the  simultaneous  equations  for  the  steady-state 
probabilities  which  are  then  used  to  calculate  the  transponder  performance  parameters  (TABLE  7).  With 
the  transponder  performance  parameters  calculated,  the  PPM  determines  the  performance  of  a designated, 
subject  interrogator.  This  performance  is  defined  as  1)  the  non-synchronous  reply  rate  (fruit/sec) 
received  by  the  subject  interrogator  as  its  antenna  points  at  each  transponder,  and  2)  the  probability 
of  target  detection  for  the  interrogator  automatic  target  detection  equipmeSte' 

4.1.  Optional  Capabilities. 

The  PPM  was  designed  as  a flexible  analysis  tool  with  a variety  of  capabilities.  The  model  can 
accept  any  properly  formatted  interrogator  environment  and  associated  transponder  deployment.  The  individ- 
ual equipment  characterisitcs  are  the  choice  of  the  analyst,  which  allows  parametric  analysis  if  required. 

The  analyst  also  has  the  option  to  use: 

1.  a two-path  propagation  prediction  model  which  uses  the  vertical  antenna  patterns  of  the  trans- 
mitter and  receiver  antennas. 

2.  transponders  with  single  antenna  (top  or  bottom),  switching  antennas,  or  diversity  antennas 
(the  spherical  pattern  of  the  antennas  is  used). 

3.  a terrain  shielding  model. 

4.  a model  which  calculates  the  standard  deviation  of  transponder  performance  parameters. 

5.  COMPARING  PREDICTED  RESULTS  WITH  RESULTS  FROM  ANOTHER  MODEL  AND  WITH  MEASURED  DATA. 

5.1.  Comparison  with  Another  Model. 

Results  from  the  automated  IFF/SSR  PPM  using  Markov  chain  transponder  models  were  compared  with 
similar  results  from  a previously  developed  and  validated  ATCRBS  IFF  MARK  X (SIF)  PPM  (Freeman,  E,F,I969). 
The  input  information  for  both  models  consisted  of  the  same  interrogator  environment  and  aircraft  deploy- 
ment. The  comparison  was  made  for  the  following  outputs,  common  to  both  models:  interrogation  arrival 

rate  at  each  transponder,  sidelobe  suppression  arrival  rate  at  each  transponder,  and  the  probability 
of  transponder  reply. 

5.1.1.  Interrogation  Arrival  Rate. 

Figure  12  shows  how  the  IFF/SSR  PPM  predictions  for  interrogation  rate  deviated  from  the  predictions 
made  by  the  IFF  MARK  X (SIF)  PPM.  This  graph  shows  that  82%  of  the  predictions  were  within  i 10%  of  the 
IFF  MARK  X (SIF)  PPM  predictions.  Some  new  IFF/SSR  PPM  interrogation  rate  predictions  differ  greatly  from 

the  IFF  MARK  X model  predictions.  However,  these  few  dispersions  are  statistically  insignificant.  A least 

squares  linear  regression  was  applied  to  the  predictions  of  both  models.  The  coefficient  of  correlation 
calculated  was  greater  than  90%. 

5.1.2.  Sidelobe  Suppression  Arrival  Rate. 

Figure  13  shows  the  deviation  of  the  new  IFF/SSR  PPM  prediction  of  sidelobe  suppression  rate  from 
the  IFF  MARK  X model  prediction.  Sixty-seven  percent  of  the  IFF/SSR  predictions  fall  within  i 20%  of  the 
IFF  MARK  X prediction.  Eighty-three  percent  of  the  predictions  fall  within  -20%  to  +30%  of  the  IFF  MARK  X 
predictions. 

5.1.3.  Probability  of  Reply  (Round  Reliability). 

Figure  14  is  the  dispersion  of  probability  of  reply  calculated  by  the  new  IFF/SSR  PPM  with  respect 

to  that  calculated  by  the  IFF  MARK  X model.  This  shows  that  94.5%  of  the  IFF/SSR  PPM  predictions  fall 

within  -2.2  to  1.1%  of  the  IFF  MARK  X predictions. 
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5.1,4.  Summary . 

The  new  IFF/SSR  predictions  track  cl  -ely  with  those  from  the  IFF  MARK  X PPM  for  a majority  of 
transponders  in  the  deployment.  These  limited  results  provide  a degree  of  confidence  in  the  Markov  chain 
modelling  techniques  used  in  the  PPM. 

5,2.  Comparison  with  Measured  Data. 

Measurements  of  interrogation  arrival  rates  and  sidelobe  suppression  arrival  rates  were  made  in 
the  Northeastern  United  States  in  January  1973  (Harman,  W.H.,  1973)  Figure  IS  shows  the  flight  paths  of 
the  instrumented  aircraft.  The  aircraft  flew  at  altitudes  of  6500  feet  and  7500  feet  during  the  flights. 
The  transponder  sensitivity  referred  to  the  antenna  was  -73.5  dBm. 

The  new  IFF/SSR  PPM  was  employed  to  make  interrogation  and  sidelobe  suppression  arrival  rate 
predictions  along  the  same  flight  path.  The  interrogator  environment  which  was  thought  to  operate  full- 
time and  transponders  located  at  points  along  the  flight  path  were  inputs  to  the  model.  The  character- 
istics of  the  transponders  were  the  same  as  for  the  measuring  equipment.  The  aircraft  antenna  pattern 
was  assumed  to  be  omni-directional  with  0 dBi  gain.  The  results  of  the  simulation  and  the  measured  data 
are  plotted  in  Figures  16  and  17. 

The  measured  and  predicted  interrogation  rates  compare  favorable  with  one  another.  The  differences 
which  do  occur  could  be  attributed  to  assuming  an  omni-directional  aircraft  antenna  pattern  and  the 
uncertainty  as  to  which  interrogators  were  actually  operating  when  the  measurements  were  taken. 

The  measured  and  predicted  sidelobe  suppression  rates  differ  considerably.  This  could  be  attribut- 
ed again  to  assuming  an  omni-directional  aircraft  antenna  pattern  and  the  uncertainty  in  the  actual 
environment  and  the  radiated  powers  of  interrogators.  To  see  the  effect  of  the  aircraft  antenna  pattern 
the  IFF/SSR  PPM  was  again  employed  but  an  actual  aircraft  antenna  pattern  was  used  instead  of  the  omni. 
Figure  18  shows  the  comparison  again  for  this  new  condition.  The  predictions  and  measurements  through  not 
close  tend  to  decrease  and  increase  together.  Based  on  this  result,  with  a more  accurate  knowledge  of 
the  interrogator  environment  and  the  aircraft  orientation,  the  predictions  would  more  closely  match  the 
measured  data.  The  differences  are  a function  of  the  model  inputs  and  not  of  the  Markov  chain  modelling 
techniques . 

Again,  this  limited  validation  provides  confidence  in  the  Markov  chain  modelling  techniques. 

6.  CONCLUSION 

Employing  Markov  Chain  Theory  for  the  modelling  of  IFF/SSR  trt nsponders  permits  the  calculation 
of  many  and  varied  performance  parameters.  The  Markov  chains  form  the  basis  of  a powerful,  flexible, 
reliable,  and  accurate  automated,  environmental  IFF/SSR  analysis  capability. 
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TABLE  1 


TRANSITION  PROBABILITY  DEFINITIONS 

ASIF  “ P (receiving  a SIF  sidelobe  interrogation  first  pulse). 

B1  - P (receiving  a mode  1 mainbeam  interrogation  first  pulw). 

82  * P (receiving  a mode  2 mainbeam  interrogation  first  pulse). 

83  * P (receiving  a mode  3 mainbeam  interrogation  first  pulse). 

BC  « P (receiving  a mode  C mainbeam  interrogation  firtt  pulse). 

CC  * P (transponder  open  to  receive  an  interrogation). 

- 1 — ASIF  - 81  — B2  - B3  - BC 

TP  * P (receiving  an  interfering  pulse). 

TP,  • P (normal  transition  from  one  state  to  another). 

- 1 - TP 


TABLE  2 

TRANSITION  PROBABILITY  EQUATIONS 


m , 4 M*  > 

2 <P1M+P2,.1+P3,.,>  <n  n POL.,) 

i ’ j*1  k'l  ) 


j*1  k*1 
when  k=i 
1*1 


( 4 M , 

(p1,.s+  M,.sP3,.a>  <»  11  POr,> 

< j«1  k=1  ’ 


when  k^i 


( 4 M I 

<PYs+P2!.s+P3,.»)  <n  n POr.i> 

* j«1  k»1  > 


when  k*i 
jP3 


<P1,.«+P2,.c+P\c>  < 


4 M > 

in  n P0k  |) 
i=1  k«1  1 


when  k»i 
j^c 


( M 

2 2 (P4J+P5,,)  inn  P0k  s)(i-1,2,3,C 

I « i 8 k-1  ' ) 8*1,  3,  C. 


when  k»i 

Wj 


1-ASIF  — B1-B2-B3  — BC 


*M  * # groups  or  sets 


TABLE  3 


DEFINITION  OF  PROBABILITIES 


Variable 

Definition 

Equation 

TOu 

Probability  of  tht  tranipondar  receiving  no 
mod*  | interrogation  firit  pulwi  from  the 
1*  subset. 

' <R2,j > (R3,j) 

pv, 

Probability  of  the  tranipondar  racalvlng  n 
me  da  j mainbaam  interrogation  firit  pulaa 
only  from  Sm . 

"i 

- (R4I|MR21|)(R3I1) 

P?u 

Probability  of  the  tranipondar  receiving  r 
mode ) mainbaam  interrogation  first  pulia 
only  from  S . 

- (R1uHRBlilHR3u> 

P3u 

Probability  of  the  tranipondar  receiving  a 
mode  j mainbaam  Interrogation  firit  pulie 
only  from  SK . 

- fRI(|MR21|MR6u} 

P4„ 

Probability  of  the  tranipondar  receiving  a 
mode  j aldelobe  interrogation  flnt  pulaa 
only  from  S . 

• (Rf(ilMR?u)  (R3U) 

P8u 

Probability  of  the  transponder  receiving  a 
mode  j tidalobe  or  backlobe  Interrogation 
first  pulse  only  from  S. . 

- |Rtl(1MR2MHR8M> 

TABLE  4 

DEFINITION  OF  VARIABLES 


Variable 

Definition 

R«u 

* P<0-N,,1»m 

R?m 

' P (0, 0,  N,  I,  ( 

R3m 

- R(O(0.N„>u 

R<u 

* pn.N„^t)M 

R8m 

- Pd.O.  N.  - 1>(  J 

r«m 

- P(1.0.Nb  - I),  , 

R7m 

- P<0.  1.  N,  - 1)(  | 

R«u 

- P(0.l,Nh-1)u 

TABLF 6 


NOTATION  FOR  BERNOULLI  TRIALS 


Symbol 

Definition 

Equation 

Probability  of  the  tr.mspondar 
receiving  exactly  M mode  j 
mainbeam  interrogation  fint 
pulses  from  minor  subset  Sm 

of  the  itfl  subset. 

* in  mpMi.r  (PM2i.)Nm|  M 
*1,  '.1 

MI(N  - MM 

m, 

PfM.S.N.-M-S),, 

Probability  of  the  transponder 
receiving  exactly  M mode  j 
mcinbeam  interrogation  and  S 
mode  j sidelobe  interrogation 
first  pulses  from  minor  subset 
S of  the  ith  subset. 

=*  NJ 

' (PS1  lM 

MfSMN  -M-SM 

•i 

Nt  - M - S 

(PS2,/  (PS3U)  11 

P(M,B,N  -M 

b . 

-B>u 

. 

Probability  of  the  transponder 
receiving  exactly  M mode  j 
mainbeam  interrogation  and  B 
mode  j sidelobe  or  back  lobe 
interrogation  first  pulses  from 
minor  subset  Sh  of  the  i**1 
subset.  ' 

* N,  1 

1 fPBI 

MIBI(Nb-M— B)l  '•« 

Nh  - M - B 

(P32,  ()8  (PB3,  j)  b| 

TABLE  6 

MUTUALLY  EXCLUSIVE  EVENTS  AND  PROBABILITIES  FOR  TP  CALCULATION 


Subset 

Event 

Definition 

S", 

{“T’} 

Interrogator  transmits  a ma inbeam 
interrogation  which  is  receivable 
at  the  transponder. 

{mT2} 

Interrogator  transmits  an  interro- 
gation which  is  not  receivable  at 
the  transponder. 

S 

•t 

{STI} 

Interrogator  transmits  a mainbeam 
interrogation  which  is  receivable 
at  the  transponder. 

Interrogator  transmits  a sidelobe 
interrogation  which  is  receivable 
3t  the  transponder. 

{ST3} 

Interrogator  transmits  an  interro- 
gation which  is  not  receivable  at 
the  transponder. 

M 

Interrogator  transmits  a mainbeam 
interrogation  which  is  receivable 
at  the  transponder. 

w 

Interrogator  transmits  a sidelobe 
or  back  lobe  interrogation  which  is 
receivable  at  the  transponder. 

Interrogator  transmits  an  interro- 
gation which  is  not  receivable  at 
the  transponder, 

Probability  Assigned  to  Event 


/W_  \ 


W +W 


= 1 - PBT1  - PBT2 


«KP*ct»d  Int*f1*rlng  interrogation  length  - (3  m 10~®l  nr  r (fl  N 10  5)  M8  » 10  6)  ^ * (21  * 10  6) 

8 - 81  ♦ 82  ♦ 83  * BC.  “ B B 

•v«rag«  Interrogation  ret#  obtained  bv  averaging  the  PRP't  from  alt  N interrogator!. 

average  baamwidth,  obtained  by  averaging  Indlvldu*.!  beemwidthr  of  all  N Interrogator!,  whore  a »•  m,  »,  b 


TABLE  7 


TRANSPONDER  PERFORMANCE  PREDICTIONS 


Probability  ot  reply  to  all  modes 
Probability  of  reply  for  mode  1 
Probability  of  reply  to  mode  2 
Probability  of  reply  to  mode  3 
Probability  of  reply  to  mode  C 

Probability  of  a garble  in  any  mode 

Probability  of  an  intermode  garble  (e.g.,  mode  3 interrogation  elicits 
mode  1 reply) 

Probability  of  an  SLS  garble  (e.g.,  mode  3 interrogation  elicits  an  SLS) 

Probability  o<  sidelobe  suppression 

Probability  o*  transponder  receiver  open  (not  suppressed) 

Probability  of  dead  time 

Mode  1 reply  rate 
Mode  7 reply  rate 
Mode  3 reply  rate 
Mode  C reply  rate 

Mode  1 interrogation  rate  (mainbeam  interrogations  per  second  entering 
the  transponder) 

Expected  mode  1 environment  rate  (mainbeam  interrogations  per  second 
capable  of  entering  the  transponder) 

Mode  2 interrogation  rate 
Expected  mode  2 environment  rate 
Mode  3 interrogation  rate 
Expected  mode  3 environment  rate 
Mode  C interrogation  rite 
Expected  mode  C environment  rate 

Sidelobe  suppression  rate 

Expected  sidelobe  suppression  environment  rate 

Expected  pulse  transmission  rate 


F.  C,  A,  C2  A,  C4  A4  X B,  0,  B,  04  B4  D4  Ft 


Fig.  4 Reply  mode  2 or  3/A  for  code  2654 
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Fig.  1 1 Performance  prediction  model  flow  chart 


Pig-  1 7 Predicted  and  measured  sidelobe  suppression 
arrival  rates  (omni  aircraft  antenna  pattern) 


DISCUSSION 


F.  D.  (1REEN:  I understood  you  to  say  that  the  antenna  on  the  a/e  was  changed  to  one 
which  was  "loss  omnidirectional".  Surely,  an  omnidirectional  antenna  is  necessary 

for  IFF. 

S.  J.  SUTTON:  Yos,  but  very  few,  if  any,  antennas  arc  omnidirectional  on  an  a/e. 

Some  of  the  later  applications  use  an  antenna  both  on  top  and  under  the  a/o. 

D.  H.  MEHRTENS:  While  modeling  the  KSR  environment  in  the  UK,  it  was  found  by  Uossor 

that  if  the  interrogations  from  separate  interrogators  were  considered  to  be  random, 
theory  and  practice  did  not  agree.  A model  which  took  into  account  the  possibility 
of  near  synchronism  of  the  interrogator  prfs  produced  much  improved  results.  Does 
your  model  address  itself  to  this  area? 

C.  W,  EHLER:  Our  model  calculates  expected  values  and  assumes  the  random  (actually 

Poisson)  arrival  of  interrogations.  It  will  not  account  for  the  actual  occurrences 
of  near  synchronous  prfs.  A time-event  stove  simulation  developed  by  the 
U.  S.  Department  of  Transportation  Transportation  Systems  Center  (TSC)  does  account 
for  the  time  of  arrival  of  each  interrogation  and  can  reproduce  the  near  synchronous 
interference.  A current  ECAC  project  for  the  U.  S.  Federal  Aviation  Administration 
will  use  both  the  ECAC  and  TSC  models  to  further  analyze  the  effects  of  near  syn- 
chronous on  definiters  (interference  blanker;:)  and  automatic  processors. 

H.  J.  ALBRECHT:  Referring  to  the  influence  of  propagation  parameters,  the  effect  ot 

terrain  shielding  is  essential.  Which  model  has  been  found  to  be  particularly  suitable? 

S.  J.  SUTTON:  With  this  model  we  account  for  terrain  shielding  by  using  the  IX' AO 

Topographic  Data  File.  This  file  contains  elevation  information  at  O.h  nmi  intervals 
for  the  U.  S.  and  other  parts  of  the  world.  For  the  terrain  profile  between  each  radai 
and  aircraft,  wo  determine  whether  terrain  obstructs  the  1 ine-of-s ight  pail;. 

I am  aware  hat  at  STC  the  effect  of  terrain  is  considered  by  specifying  the 
lowest  usable  e.  vation  angle  for  azimuth  positions  around  each  secondary  radar  site. 

F.  J.  CHESTERMAN:  Do  you  set  a threshold  for  S/N  ratio,  and  can  you  say  how  proba- 

bility of  response  falls  with  S/N  in  the  transponder  system? 

S.  J.  SUTTON:  As  long  as  the  received  signal  is  equal  or  greater  than  the  receiver 

sensitivity,  we  assume  it  is  received  by  the  transponder.  The  ICAO  and  t) . S . standards 
for  secondary  radar  require  the  transponder  to  respond  90*  of  the  time  for  signals  re- 
ceived at  a level  of  -7.ldBm  referred  to  the  antenna. 

Thus,  as  long  as  the  signal  exceeds  the  receiver  sensitivity,  and  this  will  be  at 
least  3dB  in  most  cases,  it  should  be  detected.  Thus,  it  is  more  the  competition 
among  interrogations  for  transponder  service  which  affects  the  probability  ot  reply 
and  not  the  S/N  that  affocts  transponder  performance. 
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COMPUTER  GENERATION  OF  AMBIGUITY  SURFACES 
FOR  RADAR  WAVS TO KM  SYNTHESIS 


R.J. Morrow  and  C. Wyman 
British  Aircraft  Corporation 
Elactronic  Sya tarns  Croup 
Filton,  Bristol 
England 


1.  INTRODUCTION 

Racant  advances  in  tha  fiald  of  surface  acoustic  devices1  are  likely  to  encourage  the 
implementation  of  complex  forma  of  matched  filter  radars.  As  a consequence,  the  system  designer  and 
EMC  Analyst  will  require  convenient  methods  establishing  the  likely  system  performance  obtained  from 
tha  various  forms  of  signal  processing. 

One  well  established  technique  used  to  determine  the  theoretical  performance  of  matched  filter 
or  correlation  receivers  is  through  the  application  of  the  ambiguity  function.  This  function  has  wide 
.application  as  it  may  be  employed  to  evaluate  the  theoretical  received  signal  response  in  both  the  time 
and  doppler  domains.  As  this  function  handles  both  matched  and  unmatched  signals  it  provides  a 
convenient  method  of  assessing  both  the  design  and  eventual  electromagnetic  compatibility  of  the  system. 
With  these  considerations  in  mind  a general  computer  method  of  solving  the  ambiguity  function  has  been 
developed  and  it  described  in  this  paper. 

2.  AUTO  AND  CROSS-AMBIGUITY  FUNCTIONS 

2 

The  anfciguity  function  as  a concept  was  first  investigated  by  Ville  and  its  development  with 
particular  application  to  radar  systems  was  initiated  by  Woodward?  The  function  can  be  directly  applied 
to  the  matched  filter/correlation  receiver  which  maximises  the  signal  to  noise  of  the  receiver.  In 
practice  this  receiver  is  used  as  a compromise  since,  though  the  information  is  preserved,  the  waveform 
ia  altered  in  character.  We  thus  follow  Woodward's  development  with  the  assumption  that  the  matched 
filter  concept  can  be  generally  applied. 

The  information  regarding  the  target  is  impressed  on  the  transmitted  waveform  and  is  normally 
received  where  the  primary  waveform  is  available.  Thus  it  is  postulated  that  the  received  signature  is 
known  a priori.  An  intuitive  measure  of  the  difference  between  these  two  waveforms  would  be  the  mean 


square  departure  of  the  received  waveform  from  that  of  the  primary  source. 

i.«.  -I  | ♦ (t)  - * (t  ♦ t,  f + 4 ) dt  -1 

Or  by  the  frequency  domain  equivalent  which  may  be  derived  by  invoking  Parseval's  theorem 

7 i iz 

i.e.  I g (f)  - 6 (f  + d,  t + T ) I df  - 2 

where  ip  (t)  sups  into  B(f)  by  the  Fourier  transform. 

From  a consideration  of  the  terms  dependent  or.  Tend  4 we  obtain 

Re  " "I1  (t)i^i  * (t  + T,f  + d)dt  3 

— «0 

For  theoretical  analysis  the  most  satisfactory  waveform  to  consider  is  the  analytic  signal 
representation  where  the  real  waveform  is, 

S(t)  - a(t)  cos  [2  j ft  t ♦ 8(t)  ] - - - -4 

ie.  S(t)  - R,  T * (t)  ] 5 

For  narrowband  signals  we  can  specify 

* ( ) - v(t)  exp  J 12  irfct  ] 6 

- a(t)  exp  [ i(2  irfct  + e(t)  ] 

or  for  wideband  signals  the  Gabor  form  must  be  used 

m 

ie.  <p  (i)  - S(t)  - - ‘ dT  7 

n T 

where  the  imaginary  part  is  the  Hulbert  transform  of  S(t) 


Substituting  the  narrowband  signal  repreaentation  into  expression  (3)  gives  the  following, 
•• 

J,  u(t)  u*  (t  ♦ t)  exp  [-12  vf0  ♦ 4 t]  exp  [ - V:  *dt  ] dt 8 


The  rapid  tiaa  varying  function  is  ignored  and  the  envelope 

m 

* u(t)  (t  ♦ t)  axp  [-2f»4  t ] dt 

2 

ia  defined  aa  tha  chi  or  uncertainty  function  x ( t,  4)  and  | X (t,  *)|  ie  taken  aa  the  ambiguity  function. 


Ths  interpretation  of  thia  function  ia  dependant  on  tha  conditiona  imposed  on  ita  uae , however,  tha 
autheaatical  concept  derived  from  tha  naan  square  departure  of  tha  transmitted  waveform  ia  of  direct 
relevance  to  notched  filtara.  Ita  frequency  domain  equivalent  ia  given  by 


f(x,  4)  - axp  [12  irf0  t]  6*  (f)  8 <f  ♦ 4>  axp  (i2itf  t)  df  9 

ia.  T(t,  4)  “ «ap  fi^fo  t}x(~v,4)  10 


From  thia  axpraaaion  it  ia  aeen  that  tha  envelope  of  the  carrier  ia  the  important  pert,  aa  tha 
carrier  contains  no  information.  Thia  point  ia  of  practical  aignificanca  when  analogue  simulation  ia 
contemplated. 

The  preceding  diacuaaion  haa  bean  confined  to  matched  aignala  and  the  ambiguity  function  for  thia 
caaa  any  be  defined  aa  the  auto 'ambiguity  function.  Thia  may  now  be  extended  to  include  the  caae  of  a 
mia-matched  or  interfering  aignal,  in  fact,  tha  general  aolution  for  any  arbitrary  pair  of  wavtforma. 


In  thia  caaa  a aignal  v(t)  ia  received  by  a receiver  matched  to  a aignal  u(t)  and  tha  x function 
may  be  ahown  to  be 

Xuv  ) " .1  u<t)  V*  (t  ♦ t)  exp  [-12  *4t  ] dt  u 

2 

Where  |x  (t,  4) | ia  defined  aa  the  croaa  ambiguity  function  of  aignal  v(t)  to  a receiver  matched 
to  u(t).uv 


The  importance  of  the  ambiguity  function  in  the  deaign  and  atudy  of  radar  waveforms  haa  resulted 
in  extenaive  atudiaa  of  ita  propertiea  which  are  now  well  documented  in  the  available  literature4.  It  ia 
worth  noting  three  of  theae  propertiea  aa  they  have  relevance  to  later  diacuaaiona. 

i)  | X (0,0)  | 2 - (2E)2  12 

i.e.  The  maximum  height  of  the  auto-ambiguity  function  occura  at  the  origin  and  ia  a function  of  the 
energy  of  the  matched  waveform. 

" 2 

ii)  ” | X (r  4 )|  d4  dx  - <2E)*  13 

i.o.  The  integral  under  the  ambiguity  surface  is  constant,  which  implies  that  improvements  in  one  area  of 
the  r ,4  plane  leads  to  degradation  in  other  areas, 

<*  » « 

iii)  ii  1 Xuv  (t  4 )|2  d4  dr  - I |u(t)  |2dt  l | v(t)  | dt  14 

i.e.  The  integral  over  ell  apace  of  the  cross-ambiguity  function  is  the  product  of  the  energies  in  each 
waveform. 


3.  COMPUTER  GENERATION 

3.1  Introduction 

The  solution  of  the  ambiguity  function  of  any  pair  of  arbitrary  waveforms  ia  arrived  at  from  two 
operations  which  essentially  solve  the  function  in  tvo  dimensions  forming  tha  complete  surface.  The  first 
operation  in  the  aolution  in  the  X(t,  *n) plane.  Consider  two  waveforms  u(t)  and  v(t)  tha  aolution  of 
X(t,o)  be cone a the  correlation  integral. 

j u(t)  v*  (t  +t  ) dt  15 

The  second  operation  is  to  increment  v(t)  in  frequency  by  4j  relative  to  u(t)  and  form  tha  jth 
slice,  the  composite  surface  n dj  (t)  ia  then  expressed  as' 

j-0 

m 

^ u(t)  v*  (t  + t)  exp  [ -i2m4t]  dt  16 

The  basis  of  the  method  developed  and  reported  here  is  to  generate  u(t,f)  and  v(t,f)  using  a time 
and  frequency  scaled  analogue  computer  simulation.  These  waveforms  are  generated  for  various  values  of 

4,  which  ia  dafinad  aa  the  value  of  the  frequency  translation  of  v(t:)  relative  to  u (t).  Tha  analogue 
aignala  are  transferred  from  tha  analogue  computer  via  an  associated  digital  computer  to  magnetic  tape 
where  they  are  stored.  Tha  individual  files  stored  on  magnetic  tape  provide  a library  of  waveforms  which 
cun  ba  further  procesaed  to  form  ambiguity  function  solutions.  Thu  final  solution,  in  tha  form  of  a set 
of  slices  of  constant  dopplar,  ia  stored  on  magnetic  taps  cither  for  immediate  display  on  a atoraga  scope 
or  for  subsequent  uae  < 


Tha  technique  has  bsan  isy  liman  t»d  using  an  EA  L 8945  hybrid  computer  which  consiats  of  an 
EAI8800  analogue  computer  having  patchabla , parallel  logic  and  analogue  component a;  32  channel a of  A to  D 
and  D to  A conversion  equipment;  an  EAI  640  digital  computer  and  an  associated  magnetic  tape  unit. 

3.2  Waveform  Generation 

The  philosophy  of  waveform  simulation  using  hybrid  computer  techniques  has  been  treated  in  a 
previous  paper^.  For  this  reason  only  a limited  discussion' has  been  included. 

Most  radar  waveforms  require  the  simulation  of  pulse  streams,  oscillators  and  voltage  controlled 
oscillators.  From  these  basic  blocks  complex  waveforms  may  be  generated.  The  simplest  case  is  that  of  a 
pulsed  tone  signal.  This  is  obtained  by  deriving  the  pulse  stream,  suitably  time  scaled,  using  the 
parallel  patchable  logic  of  the  analogue  computer.  This  is  fed  to  a multiplier  whose  other  input  comes 
from  a simulated  oscillator.  Oscillators  ara  represented  by  a transfer  function  of  the  form. 


(S?  + uj2  ) and  thus  have  poles  at  s • + i u 

They  fre  therefore^ quasi -a table  and  it  is  usual  to  incorporate  an  amplitude  correction  circuit 
of  the  form  A1  cos2  ut  + A1  sin!  ut  - A • error.  This  basic  oscillator  is  simulated  as  two  integrators 
in  cascade  with  an  appropriate  feedback  loop.  Potentiometers  are  included  between  the  integrators  to  set 
the  desired  frequency  of  oscillation.  The  potentiometers  are  servo  controlled,  hence  the  oscillation 
frequency  may  be  set  by  the  digital  computer.  The  initial  condition  input  of  the  two  integrators  may  be 
used  to  set  the  phase  conditions  at  the  start  of  the  pulse.  From  the  application  of  suitable  control 
waveforms  various  phase  coded  pulse  sequences  or  other  complex  waveforms  may  be  obtained. 


This  basic  oscillator  simulation  may  be  modified  by  the  inclusion  of  multipliers  in  series  with 
each  potentiometer.  The  application  of  a control  voltage  to  the  two  multipliers  gives  a proportional 
change  in  the  output  frequency  thus  forming  a voltage  controlled  oscillator.  The  use  of  a ramp  control 
waveform  allows  the  generation  of  linear  f.m.  signals  whose  time  bandwidth  product  is  a function  of  the 
ramp  duration  and  slope.  More  complex  waveforms  may  be  simulated  by  applying  suitable  control  waveforms 
to  both  integrator  initial  condition  inputs  and  the  multipliers.  These  techniques  enable  the  generation 
of  waveforms  having  variable  parameters  such  as  pulse  sequence  and  linear  or  non  linear  frequency 
characteristics. 

3.3  Solution  Through  Waveform  Correlation 

The  general  solution  of  the  ambiguity  function  is  obtained  through  the  use  of  correlation 
techniques.  Three  solutions  are  possible  using  a hybrid  computer,  ie.  analogue  correlation,  direct  time 
domain  correlation  and  correlation  through  the  use  of  transformation.  The  particular  method  implemented 
depends  on  the  nature  of  the  problem  under  analysis. 

3.3.1  Analogue  Correlation 

With  this  type  of  correlator  the  time  delay  is  achieved  using  the  digital  computer  while  multi- 
plication and  integration  are  obtained  using  analogue  computer  components.  Two  signals  u (t)  and  v(t) 
are  generated  using  the  analogue.  One  of  these  signals  is  passed  to  the  digital  computer  where  a digital 
delay  line  program*  incrementally  delays  this  signal  and  passes  it  back  to  the  analogue  computer.  The 
two  signals  are  multiplied  using  an  analogue  multiplier  and  integrated  using  a simple  lag  circuit  to 
produce  a single  correlation  value  for  incremental  delay  Tn.  This  process  is  repeated  for  increasing 
values  of  delay  to  build  up  the  correlation  integral.  Correlation  from  +t  to  -r  is  obtained  by  switching 
the  waveforms  passed  to  the  delay  line  programme.  These  individual  correlation  values  are  stored  on 
magnetic  tape.  The  full  process  is  repeated  for  incremental  frequency  shifts  of  v (t)  to  build  up  the 
correlation  values  for  the  full  two  dimensional  chi  function.  This  chi  function  solution  is  formed  from 
simulated  signals  and  therefore  contains  the  simulated  carrier  information.  The  ambiguity  function, which 
only  reflects  the  change  in  the  envelope,  is  formed  from  the  chi  function  values  by  passing  them  through 
a peak  detection  program*  which  acts  as  an  envelope  detector.  It  has  been  found  that  it  is  not  economic 
to  employ  this  method  with  large  time  bandwidth  signals  due  to  the  upper  frequency  bound  imposed  by  the 
analogue  computer. 

3.3.2  Direct  time  domain  correlation 

With  this  method  the  full  process  after  waveform  generation  is  performed  by  the  digital  computer. 
The  basic  operation  is  to  generate  and  stora  aach  waveform  as  a time  series  on  magnttic  tape.  Tha 
coirslaticm  is  performed  by  a digital  computer  programme  which  operetee  on  selected  time  series.  The 
time  series  are  stored  an  sequential  blocks  of  date  defining  a slice  taken  along  that  axis  at  a particular 
value  of  4,  The  correlation  programme  consists  of  s simple  algorithm  which  integrates  successive  shifts 
in  t of  ths  sampled  waveform.  This  method  has  particular  value  for  signals  with  Isrge  time  bandwidth 
products. 


3.3.3  Correlation  through  use  of  Transforms 

For  this  mathod  usa  is  made  of  the  faat  Fourier  transform,^  f.f.t.  by  invoking  the  correlation 
theorem?  (i.e.  multiplication  of  u(t)  with  the  complex  conjugate  of  v(t)  in  the  frequency  domain),  to  form 
the  solution  of  the  correlation  integral.  As  in  the  previous  methods  the  waveforms  are  generated  by  tha 
analogue  computer.  These  are  converted  to  time  series  end  mapped  into  the  frequency  domain  through  tha 
uati  of  the  f.f.t.  The  correlation  integral  is  solved  by  multiplying  the  first  transformed  tine  series 

by  the  complex  conjugate  of  the  second  transformed  time  series  vuich  is  regarded  aa  tha  racaivad  signal. 


This  result  is  transformed  back  into  ehs  time  domain  to  form  a slica  at  4n 
procsss  is  repeated  for  the  various  tiaa  serias  defining  slicaa  of  tha  chi 


of  tha  ehi  function.  Tha 
function  at  different  values 


of  4.  Tha  asbiguity  function  solution  ij  obtained  by  including  an  envelope  detection  routine.  This 
net hod  provides  tha  noat  economic  solution  for  most  waveforms  having  practical  values  of  tiaa  bandwidth 
produce . 


^ I 3.3.*  Display  Tachniquas 


In  order  to  analyse  tha  raault  of  tha  computation  it  is  convenient  to  usa  various  forms  of 
graphical  display.  Tha  particular  display  chosen  depends  on  tha  nature  of  tha  analysis  to  be  performed. 

Constant  4 or  r Plots 

These  auty  be  produced  either  as  a line  printer,  storage  scope  or  plotter  output  using  the  matrix 
of  date  stored  on  magnetic  tape.  Through  the  introduction  of  a suitable  digital  computer  routine  these 
plots  may  be  produced  with  either  arithmetic  or  logarithmic  amplitude  acales.  This  type  of  output  is 
useful  when  a detailed  analysis  of  specific  portions  of  the  ambiguity  function  is  required. 

Three  Dimensional  Surface  Plots 


The  full  matrix  solution  defining  the  function  in  bothr  and  4 may  be  uaod  with  a suitable  three 
dimensional  plotting  program  to  produce  a graphical  display  of  the  surface.  The  ambiguity  function  is 
even-symmetric  * with  reapect  to  tha  t,  * origin,  thus  the  half  plane  solution  defines  the  whole  and 
the  mapping  on  to  the  ocher  half  plane  is  simple  It  has  been  found  useful  to  display  only  the  half  plane 
solution  (FIG  1)  as  this  highlights  ths  naturs  of  tha  | *(  t,  o)  |2  slice  and  allows  a simple  visual 
interpretation  of  the  range  aide  lobes  to  be  made.  The  full  three  dimensional  surface  plot  ie  useful 
for  tha  general  radar  receiver  response  analysis.  It  haa  been  found  convenient  to  display  the  surface 
using  a storage  scope  immediately  after  computing  the  solution,  prior  to  line  plotting,  aa  it  provides 
a quick  method  of  checking  tha  validity  of  the  computation. 


Contour  Plots 


A third  particularly  useful  type  of  plot  may  be  produced  by  using  tha  computed  matrix  of  data 
with  a contour  plotting  program  to  produce  contours  of  ths  surfscs.  This  type  of  output  Fig  2,  provides 
a use  ful  backup  to  the  three  dimensional  plots  aa  they  accurately  define  the  ralative  response  levels 
of  the  major  features  of  the  surface. 

4 APPLICATIONS 

Use  is  made  of  tha  ambiguity  function  in  the  design  and  assassmont  of  high  resolution,  pulse 
compression,  radar  systems.  Tha  suitability  of  a pulse  compression  radar  fer  a given  application  is 
dependant  upon  the  type  of  waveform  selected.  The  prime  factors  influencing  the  selection  of  a 
particular  modulated  waveform  are  usually  the  radar  requirements  of  a given  range  coverage,  doppler 
coverage,  range  and  dopplsr  side  lobe  levels,  interfarenca  rejection  and  the  signal  to  noise  ratio. 

These  factors  may  ha  examined  through  the  generation  and  evaluation  of  auto-and  cross-ambiguity  functions 
of  tha  modulated  waveform. 

4.1  Theoretical  Waveform  Analysis 

An  infinite  variety  of  waveforms  may  be  produced  which  give  a system  advantage  due  to  pulse 
compression.  Of  these  waveforms  tha  majority  may  be  classified  according  to  tha  basic  modulation  types, 
i.a.  amplitude-,  frequency,  phase  and  pulse  modulation.  Higher  order  modulated  waveforms  may  be  derived 
through  the  use  of  two  or  more  of  these  types,  i.e.  phase  coded  pulse  sequences,  bilateral  weighted 
linear  frequency  modulation  ate. 

Tha  general  method  used  in  the  analyais  of  waveforms  is  to  derivt  sn  analogue  computer  simulation 
of  the  required  modulated  transmitted  waveform  using  ths  techniques  described  in  section  3.2,  This 
waveform,  having  e scaled  carrier  frequency,  fj,  is  passed  via  an  analogue  to  digital  converter  to  a 
digital  cooputer  where  it  i*  stored  on  magnetic  tape.  This  procedure  is  repaatad  for  incremental 
frequency  translation  of  tha  spectra.  Tha  resulting  arrays  stored  on  magnetic  tape  provide  a library 
of  waveforms.  If  it  ia  required  to  produce  an  auto-ambiguity  function  of  tha  stored  waveform,  the 
record  pairs  corresponding  to  f j and  fD  are  correlated  using  either  direct  time  domain  correlation  or 
correlation  through  the  ust  of  transform  methods.  Ths  resulting  slices  through  the  ambiguity  function 
at  fn  - may  be  displayed  in  a three  dimensional  form  using  a storage  oscilloscope.  In  order  to 
demonstrate  the  generality  of  the  techniques  tha  ambiguity  functions  of  three  widely  different 
modulated  waveforms  obtained  using  this  technique  are  shown  in  FIG' a.  1,  3 and  6. 

A 

Tha  ambiguity  function  of  linear  frequency  modulation  having  a time  bandwidth  product  of  120 
and  second  order  cosine  weighting  is  shown  in  FIG  1.  Ths  basic  unweighted  linear  frequency  modulated 
waveform  wee  obtained  using  an  analogue  computer  simulation  of  a voltage  controlled  oscillator.  The 
amplitude  weighting  ia  obtained  by  modifying  tha  values  oi  tha  time  domain  waveform  sanplas  prior  to 
correlation  using  an  analytic  expression  of  the  desired  window  shspa.  If  it  is  mors  convenient  to 
express  ths  weighting  function  in  ths  frequency  domain  than  the  spectrum  eamplsa  after  transformation 
may  be  modified. 


* evan-aymetric  x(t  ♦) 


X * (~T.  - ♦) 
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The  ambiguity  function  of  * quaternary  coded  wave form®  ia  shown  in  FIG  3.  The  four  level  code 
nude  up  of  poiitive  and  negative  elope  linear  frequency  nodulated  eleaante  having  aero  or  * phace 
change e at  the  beginning  of  each  element.  The  tine  bandwidth  product  of  each  element  ia  34.  The  change 
from  poaitiva  to  negative  alope  and  the  phnsa  change a describes  a 13  elesmnt  Barker10  code.  The  wave- 
form produced  ia  ahown  diagramaticnlly  in  1'IG  4, 

Aa  with  the  previoua  example  the  modulated  waveform  ia  obtained  uaing  baaic  analogue  computer 
aimulation  of  a voltage  controlled  oacillator.  The  required  waveform  ia  obtained  uaing  three  control 
vavaforma  aa  ahown  in  FIG  5.  The  firat  waveform,  A,  altera  the  aanao  of  the  alope  of  the  frequency 
modulation,  the  aecond,  B,  the  duration  of  each  element  of  the  code  and  the  third,  C,  the  phaee 
condition  at  the  atart  of  each  element.  Waveforms  A and  B are  applied  to  the  multipliere  and  waveform, 

C ia  applied  to  the  initial  condition  input  of  the  integratora  forming  the  aimulated  voltage  controlled 
oacillator.  Thia  technique  may  be  uaed  to  generate  many  forma  of  quaternary  coding  uaing  both  conatant 
and  variable  alope  frequency  modulated  elementa. 

The  ambiguity  function  of  a act  of  complementary  coded  pulae  sequences*1  ia  ahown  in  FIG  6.  One 
aet  of  Gols.y  codes1*  00011101  and  00010010  have  been  uaed  to  phase  modulate  a carrier.  The  two 
independent  codea  are  formed  uaing  logic  elementa.  Each  code  ie  passed  to  a multiplier  whose  other 
input  is  fad  from  a aimulated  voltage  controlled  oacillator  acting  as  the  carrier  frequency.  The  output 
from  each  multiplier  is  passed  via  A to  D convertors  to  the  digital  computer  where  they  are  stored  on 
magnetic  tape.  Individual  records  are  made  for  various  incremental  increases  of  the  aimulated  carrier 
frequency.  Record  pairs  at  frequencies  fx  and  fn  for  the  first  code  are  taken  by  the  digital  computer 
and  correlated.  Thia  is  repeated  for  the  identical  frequency  record  pair  of  the  other  code.  The  two 
correlation  functions  are  stmmed  and  envelope  detected  to  form  a slice  of  the  ambiguity  function  at 
f -f 1 . The  full  surface  ia  formed  by  taking  record  pairs  of  each  code  at  different  frequencies  and 
displaying  the  output  as  shown  in  the  figure. 


Degradation  of  the  theoretical  waveforms  due  to  practical  implementation  may  be  studied  using 
this  technique.  The  analogue  computer  may  be  used  to  simulate  AM  to  AM  and  AM  to  PM  characteristics. 
These  may  be  included  in  the  simulation  of  the  transmitted  waveform  and  the  resulting  ambiguity  function 
evaluated.  The  effect  of  limiting  the  received  waveform  may  be  analysed  by  including  the  limiter 
characteristics  in  the  waveform  generation  through  the  use  of  diode  function  generators. 


4.2  Point  and  Distributed  Target  Analysis 

The  ambiguity  surface  formed  by  the  return  from  a point  target  may  be  determined  by  mapping 
the  Atbiguity  surface  associated  with  the  given  return  waveform  into  the  plane  of  the  radar  by  a change 
of  its  t,^  origin.  The  position  in  the  new  plane  is  determined  from  a knowledge  of  the  polar  co- 
ordinates r,6  and  i.  The  second  derivative  r relating  to  the  target  acceleration  is  not  included 
in  this  analysis  since  the  surface  so  formed  would  be  four  dimensional.  In  principle  thia  effect  could 
be  carried  through  the  calculation  but  a visual  display  would  be  difficult  to  achieve. 


If  it  ia  postulated  that  the  propagation  medium  is  homogeneous  and  the  receiver  front  end  linear 
then  superposition  theory  may  be  uaed. Nov, in  the  case  of  multiple  point  targets,  individual  targets  may 
be  mapped  to  the  T ,d  plane  of  the  radar.  The  final  response  of  the  radar  may  be  obtained  from  the 
simulation,  previously  described  by  Mitchell  et  al1^ . If  the  ambiguity  surface  of  a given  required 
point  target  is  Xj>  ( t,4)  then  the  responaea  of  other  targets  relative  to  that  required  may  be 
calculated  by  including  a conatant  multiplying  factor  which  accounts  for  the  difference  in  range, 
target  cross  section  and  antenna  gain.  This  factor  K,  say,  can  be  computed  uaing  the  radar  range 
equation  thus  tupping  the  respective  normalised  ambiguity  surfaces  on  to  the  t ,4  plane  of  the  radar. 
This  composite  response  x(  x,d)  is  computed  from:- 

n 

X (*.♦)  - Z Kj  Xj  (t  - Tj,  4 - dj)  17 

j-1  J J J 

where  Tj>^j  i*  the  mapped  origin  of  each  target. 

This  approach  to  multiple  point  targets  can  be  extended  to  distributed  targets  by  considering  the 
distributed  targets  as  a aeries  of  point  targets.  In  order  to  account  for  the  statistical  nature  of 
either  point  or  distributed  target  the  factor  K becomes  a value  selected  from  a defined  statistical 
distribution.  The  various  statistical  distributions  are  selected  according  to  the  nature  of  the 
target.  A complex  spatial  environment  may  be  constructed  by  producing  a nuitrix  overlay  of  a given 
terrain  where  each  element  of  the  matrix  defines  the  location  and  statistical  characteristics  of  each 
point  target.  This  approach  had  been  used  by  Mitchell  et  al13  and  is  described  in  detail  in  their 
paper. 


An  alternative  approach,  that  has  been  proposed  but  not  implemented  by  the  authors,  would  be  to 
characterise  time  varying  radar  return  as  an  analogue.  The  waveform  thus  produced  could  be  used  to  form 
multiple  ambiguity  surfaces  of  the  composite  signals  for  different  t ,d  origins.  In  theory,  the 
propagation  path  including  the  reflections  could  be  modelled  using  a time  varying  filter  characterisat- 
ion1*!** . In  practice  this  may  be  implemented  using  a tap  delay  line  whose  input  is  the  simulated 
pulse  compression  waveform,  FIG  7.  A complex  tap  gain  function  g (t)  is  used  to  modify  the  output  of 
each  unit  delay  to  account  for  the  characteristics  of  the  signal  reflections.  The  composite  signal 
received  by  the  radar  is  obtained  from  the  suwation  of  all  delayed  signal  cot^onents.  An  extension 
to  this  approach  would  be  to  form  a hybrid  aolution  where  specific  returns  era  handled  by  the  summation 
of  point  targets  and  other  returns  are  included  using  the  analogue  approach. 
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4.3  Electromagnetic  Compatibility  Analysis 

. In  ordor  to  study  tha  total  radar  electrosugnetic  environment  consideration  aust  bo  given  to  both 
aatehed  returns,  frosT  desired  targets  and  undesired  clutter,  and  umatched  signals  received  iron  other 
emitting  equipment  in  the  saaa  area.  A first  order  EMC  assaasaant  nay  be  aade  from  an  analysis  of  the  j j 
radar  response  to  the  likely  unaatchad  interference  signals  through  the  use  of  the  cross-aabiguity  function. 
The  cross-aabiguity  function  describes  the  conplete  three-dimensional  receiver  response  to  interfering  or 
unaatchad  signals  as  a function  of  tins  and  frequency.  The  rejection  offered  by  the  radar  receiver  to 
interference  say  be  determined  through  the  use  of  both  auto  and  cross-aabiguity  functions.  The  method 
adopted  is  to  fora  a library  of  cross-aabiguity  surfaces  for  various  interference  waveform  types  requiring 
examination.  Each  surface  represents  the  response  of  a mismatched  signal  of  equivalent  energy  to 
that  of  the  aatehed  signal  with  all  values  normalised  to  the  peak  of  the  auto-aabiguity  function  x(0,0). 

Thus  if  u (t)  with  associated  energy  Eu  is  the  aatehed  waveform  and  v(t)  with  associated  energy  By  then 
the  value  Xuu  (0  ,0)  of  the  auto-aabiguity  function  may  be  confuted  and  equates  to  Eu>  The  cross-aabiguity 
function  is  determined  from  the  expression. 

Xuv  (T»^)  ■ .«  u(t)  v*  (t  + x)  asp  -[i2w  it  ^ dt  - - 18 

How  if  Eu  is  made  equal  to  Ey  then  the  cross-aabiguity  surface  may  be  normalised  using  the  value  computed 
for  xuu  (0,0)  since  the  integral  of  the  surface  over  all  space  is  equal  to  unity 

m 

i.a.  ii  I Xyy  ( TV  i)  1 2 dr  dp  -1  19 

Thesa  stored  normalised  cross-aabiguity  functions  may  be  uaed  to  determine  the  performance  of 
the  radar  for  various  signal  and  interference  powers  through  the  use  of  a scaling  factor.  This  scaling 
factor  is  the  ratio  of  the  matched  to  unmatched  signal  energies. 


i.e.  x ( T,d)  - XUv  (T  " fv.  rf-dy) 
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Also  the  effect  of  several  potential  interferera  may  be  analysed  by  mapping  each  on  to  the  x,d 
plane  of  the  receiver.  Thus  if  tj ,dj  is  the  origin  of  the  interference  on  the  t ,i  plane  of  the 
unmatched  signal  vj(t)  J 


X (T,p  ) - X 

j-1 


Xj  ( T-  Tj,  4 - Pj) 


& 
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This  method  for  treating  interference  may  be  incorporated  with  those  techniques  previously 
described  for  point  and  distributed  targets  to  obtain  a comprehensive  analysis  of  the  radar  performance. 


5 CONCLUSION 

A simple  method  of  evaluating  the  ambiguity  function  for  any  pair  of  arbitrary  wavo forms  has 
been  given.  The  generality  of  the  technique  is  obtained  through  the  use  of  en  analogue  computer  to 
generate  the  vaveforme  in  a form  suitable  for  digital  conputer  evaluation  of  the  ambiguity  function. 

It  haa  been  demonstrated  that  a wide  range  of  complex  modulated  waveforms  can  be  evaluated  and  displayed 
as  either  a three  dimensional  or  contour  plot. 


This  technique  for  ga Derating  ambiguity  function  solutions  may  be  employed  as  an  integral  part 
of  any  analysis  of  aatehed  filter  or  correlation  radars.  In  particular  a knowledge  of  the  auto  and 
cross-aabiguity  functions  for  various  waveforms  provides  a basis  for  determining  the  expected  radar 
performance  from  both  the  design  and  EMC  aspects. 
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DISCUSSION 


R.  N.  LORD:  In  my  own  work  oi)  Moving  Target  Indicator  (MTI ) systems,  I simulate  dis- 

tributed targets  (clutter)  by  pseudorandom  number  generators  and  spectral  shaping. 

Have  you  considered  using  thi$  technique? 

R.  J.  MORROW:  Presently,  we  are  considering  a distributed  target  as  a summation  of 

point  targets  in  the  radar  space  (t,+).  An  amplitude  term  is  incorporated  when  summing 
the  elemental  ambiguity  function:  this  amplitude  k (in  text)  is  selected  from  a given 
probability  distribution.  The  bivariate  Gaussian  distribution  suggested  by  weighting 
two  pseudorandom  generators  is  an  alternative  approach  which  could  well  be  implemented. 
A further  function,  which  would  take  into  account  the  characteristics  of  the  antenna, 
could  be  included  to  modify  the  distribution  in  t. 

E.  J.  FREMOUW:  Could  you  describe  briefly  the  model  you  used  to  account  for  back- 

scatter  from  distributed  targets  such  as  clouds? 

R.  J.  MORROW:  No,  I couldn't,  but  there  is  extensive  literature  on  the  subject. 
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SUMMARY 


This  paper  presents  the  methodology  and  applied  techniques  for  antenna -to -antenna  electromagnetic 
compatibility  (EMC)  analysis  of  complex  airborne  communication  systems.  The  alternative  objectives  of 
such  an  analysis  are  discussed  to  establish  the  proper  starting  point  of  the  analysis.  Methods  are  intro- 
duced to  reduce  the  magnitude  of  a complex  analysis  to  simple  problems  which  expedite  the  analysis.  Po- 
tential interference  modes  and  system  isolation  factors  are  examined  in  conjunction  with  a typical  equip- 
ment complement.  A method  of  analysis  is  discussed  which  uses  computer  calibrated  antenna  space 
isolations  with  conventional  analysis  techniques.  Some  typical  analysis  resuits  are  presented  in  summary 
form.  Antenna  isolation  is  discussed  as  a limited  factor  for  EMC  optimization.  The  results  of  past 
analysis  clearly  show  the  need  for  frequency  management  to  effect  interference  control  as  an  integral  part 
of  the  antenna -to -antenna  EMC  profile  of  complex  airborne  systems. 

1.  INTRODUCTION 

* 

Antenna-to-antenna  electromagnetic  compatibility  (EMC)  is  concerned  with  radiated  signals  from 
one  antenna  propagating  to  other  antennas  within  the  same  system  to  produce  interference  with  the  other 
equipment  associated  with  these  antennas.  The  antenna  conducted  signals  may  be  either  desired  or  un- 
desired radiations  such  as  harmonics,  spurious  emissions,  or  intermodulation  products.  Within  a given 
pair  of  antannas  several  potential  modes  of  interference  may  exist.  In  complex  airborne  systems  the 
number  of  antennas  is  large  and  confined  within  the  proximity  of  an  airframe  thus  the  EMC  problem  be- 
comes very  significant.  The  equipment  on  the  aircraft  includes  a full  complement  of  flight  related 
avionics  and  a large  complement  of  equipment  for  mission  related  communications.  The  resulting  equip- 
ment complement  contains  a large  quantity  of  many  different  types  of  equipment  for  both  transmitting  and 
receiving  which  must  operate  simultaneously  at  frequencies  ranging  from  VLF  to  UHF. 

In  addition  to  radiations  at  desired  frequencies  each  transmitting  equipment  radiates  undesired 
signals  at  several  spurious  and  harmonic  frequencies  and  each  receiving  equipment  has  several  inherent 
susceptibility  frequencies  and  also  may  be  overloaded  by  high  level  undesired  signals  radiated  in  the  same 
proximity.  A typical  complex  airborne  system  of  this  type  may  have  as  many  as  40  separate  antennas 
some  of  which  rad;  ite  power  up  to  1 kilowatt  levels  and  some  that  simultaneously  receive  signals  of  power 
levels  ranging  from  -90  dBm  to  -100  dBm. 

In  order  to  ensure  total  system  electromagnetic  compatibility  such  that  all  electronic  subsystems 
may  collectively  operate  with  the  desired  performance  require?  the  use  of  all  available  EMC  resources 
and  techniques. 

This  paper  is  concerned  with  the  methodology  used  to  analyze  the  predominant  interference  modes 
encountered  in  complex  systems  and  presents  typical  results  which  have  been  obtained  from  past  analysis. 

2.  OBJECTIVES 

The  objective  or  end  results  desired  must  be  considered  before  formulating  the  final  approach  to 
performing  the  analysis. 

The  purpose  for  which  the  analysis  is  performed  may  be  one  or  more  of  the  following: 

(a)  Determine  equipment  performance  characteristics  required  to  ensure  EMC  of  a system  design 
and  antenna  locations.  The  equipment  characteristic  requirements  may  then  be  imposed  on 
the  equipment  selected  for  use  in  the  system. 

(b)  To  determine  optimum  antenna  locations  within  constraints  imposed  by  other  system  require- 
ments. 

(c)  To  reveal  incompatibility  factors  in  electromagnetic  radiators  and/or  receptors  and  to  deter- 
mine the  magnitude  of  such  incompatibilities. 

(d)  Evaluate  system  configuration  alternatives. 

(e)  Establish  frequency  management  and  interference  control  requirements  and  criteria. 


The  specific  objective  of  a particular  analysis  problem  depends  upon  which  parameters  of  the 
system  design  are  fixed  or  flexible  and  which  ones  are  known  and  unknown.  It.  is  common  to  find  that  the 
design  for  a complex  communication  system  proceeds  with  very  little  coordination  or  communication 
between  those  responsible  for  the  equipment  design  and  those  responsible  for  the  system  design. 

^ Therefore,  the  specific  objective  of  the  analysis  is  determined  by  which  particular  paiameters  of 
-the  system  design  are  dependent  or  independent  variables.  The  method  of  analysis  is  similar  regardless 
of  the  objective  but  the  unknown  parameters  to  be  determined  alter  the  approach  to  achieve  the  objectives. 

An  analysis  will  rarely  be  performed  in  which  all  parameters  are  variable.  Such  a case  would  only 
exist  for  a totally  new  system  design  where  all  electronic  equipment  is  to  be  newly  developed.  A typical 
analysis  problem  involves  a combination  of  mostly  existing  equipment  with  some  new  equipment  to  be 
developed  and  conventional  subsystem  designs  to  be  changed  only  where  necessary  and  with  a cost- 
effective  approach. 

In  many  cases  the  purpose  of  the  analysis  is  to  reveal  the  potential  incompatibilities  in  a system  so 
that  corrective  measures  may  be  implemented  which  effect  a resulting  compatible  system.  These  cor- 
rective measures  may  include: 

(a)  Imposing  more  severe  equipment  performance  requirements  for  EMC  related  characteristics. 

(bj  System  redesign  involving  the  addition  of  RF  filters,  multicouplers,  antennas,  etc. 

(c)  Relc  cation  of  antennas  to  optimize  space  isolation. 

(d)  Imposition  of  interference  control  via  frequency  management  requirements. 

The  results  of  the  typical  analysis  will  usually  indicate  that  a potential  incompatibility  may  be 
eliminated  by  more  than  one  of  these  corrective  measures,  thus  the  selection  of  the  most  appropriate 
measure  must  be  a trade-off  evaluated  in  terms  of  other  factors  such  as  complexity,  cost,  and  operator 
convenience. 

3.  APPROACH 

When  considering  the  complexity  of  the  total  problem,  with  both  desired  and  undesired  signals 
simultaneously  radiating  over  the  same  spectrum  that  many  sensitive  reception  devices  are  operating, 
the  quantity  of  the  analysis  to  be  performed  appears  to  be  extremely  large.  The  analysis  of  a particular 
type  of  interference  between  any  two  pairs  of  equipment  can  be  a major  task  by  itself.  When  this  type  of 
analysis  is  magnified  by  the  variety  of  equipment  involved,  the  quantity,  and  the  different  types  of  inter- 
ference which  may  occur,  the  analysis  to  be  performed  appears  to  be  overwhelming.  In  addition,  the 
variable  parameters  of  the  system  design,  equipment  characteristics,  system  design  alternatives, 
antenna  location  options,  interference  control  techniques  further  complicate  the  total  magnitude  of  the 
problem  and  make  it  difficult  to  determine  a point  of  departure  for  the  analysis.  Therefore,  the  key  to 
the  expeditious  performance  of  the  analysis  is  to  simplify.  In  order  to  do  this,  it  must  be  recognized 
from  the  outset  that  a preliminary  analysis  must  be  performed  to  eliminate  from  further  consideration 
those  subsystems  which  will  not  create  interference. 

The  initial  approach  to  the  analysis  should  be  to  reduce  the  complexity  of  the  system  and  hence  the 
magnitude  of  the  analysis  which  must  be  performed.  This  simplification  can  be  performed  on  subsystem 
to  subsystem  basis  by  considering  the  worst  case  characteristics  of  the  worst  case  equipment  examples 
between  subsystems.  Each  receiving  subsystem  must  be  evaluated  in  conjunction  with  each  radiating  sub- 
system to  determine  if  a potential  for  interference  exists.  The  parameters  of  such  an  evaluation  are  the 
equipment  performance  characteristics,  system  configuration  and  antenna  locations.  Since  isolation 
between  radiators  and  receptors  is  the  parameter  which  ultimately  determines  whether  interference  will 
occur  or  not  all  factors  that  influence  this  parameter  must  be  established  for  each  subsystem.  Factors 
which  comprise  the  total  isolation  between  subsystems  are:  antenna -to -antenna  space  isolation,  antenna 
gain  and  directivity,  filter  rejection  provided  in  the  system,  and  characteristics  of  individual  interference 
modes.  A typical  interference  model  is  illustrated  in  Figure  1.  Since  all  of  these  factors  are  frequency 
related,  the  essence  of  the  analysis  is  to  determine  as  a function  of  frequency  and  for  each  potential  inter- 
ference mode  the: 

(a)  Radiation  levels 

(b)  Susceptibility  level  of  receivers 

(c)  Isolation  between  the  radiator  and  receptors 

The  preliminary  analysis  is  performed  to  a simplified  interference  criteria  and  with  worst  case 
antenna  isolation  values.  A detailed  analysis  concerning  the  intricacies  of  each  interference  mode  to  an 
explicit  level  of  accuracy  is  not  the  objective  but  instead  to  screen  the  system  with  worst  case  conditions 
to  categorize  the  equipment  and  subsystems  into  categories  that  may  have  potential  interference  problems 
and  those  that  do  not.  This  approach  identifies  those  subsystems  or  equipments  which  may  be  eliminated 
from  further  analysis  and  can  significantly  reduce  the  magnitude  of  the  remaining  analysis.  In  addition,  by 
using  the  worst  case  equipment  example  in  each  subsystem,  the  analysis  is  applicable  for  the  entire 
quantity  of  identical  equipments  within  that  subsystem.  In  the  event  that  a potential  interference  problem 
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is  revealed  in  » subsystem,  a subsequent  resolution  of  this  problem  for  the  worst  case  equipment  will 
effect  a solution  for  the  entire  subsystem. 

After  the  preliminary  screening,  efforts  cun  be  directed  to  more  detailed  analysis  of  potential 
problem  areas  and  to  find  solutions  to  these  interference  problems. 

Thus,  the  approach  should  be  directed  to  rapidly  reduce  the  magnitude  of  the  analysis  required 
thru  the  use  of  screening  and  the  identification  of  lncompntlbillties  requiring  some  form  of  action  for 
resolution.  The  desired  end  achievement  is  u compatible  system  design  rather  than  a rigorous  detailed 
analysis  of  each  equipment  and  interference  mode  In  the  system. 

3.1  Equipment  Complement  - Typical 

A typical  equipment  complement  pertinent  to  the  analysis  is  summarized  in  terms  of  the  associated 
antenna  locations  In  Figure  2.  Antennas  located  on  the  top  portion  of  the  fuselage  are  Identified  by  single 
letters  and  those  ca  the  bottom  of  the  fuselage  by  double  letters.  The  antenna  locations  in  station  units 
(Inches)  are  also  given  for  each  antenna. 


The  equipment  types  in  such  a complement  typically  are: 


Radar  HF  Communications 

TACAN  VHF  Communications 

Marker  Deacon  UHF  Comm  'ideations 

Radio  Altimeter  Satellite  Communication 

Identification  Transponder  Other  Specialized  Communications 

Glide  Slop"  Automatic  Direction  Finders 

VOR  1LS 


The  communications  equipment  is  provided  for  both  flight  anti  mission  related  functions  and  consists 
of  several  equipments  of  each  type.  The  quantity  of  equipment  typically  requires  the  use  of  approximately 
forty  antennas  on  the  airframe. 


3.2  Transmitter /Receiver  Characteristics 


Extensive  data  on  each  equipment  type  should  be  compiled  for  use  in  the  analysis  and  all  pertinent 
equipment  in  -bund  and  out-of-band  characteristics  evaluated  and  applied  to  both  the  computer  and  manual 
analysis,  iome  of  the  salient  characteristics  are: 


Operating  Frequency  Range 
Transmitter  Power  Output 
Harmonic  Output  Levels 
Spurious  Output  Levels 


Receiver  Sensitivity 
Bandwidth  RF  & IF 
Imnge  Rejection 
Spurious  Rejection 


In  most  Instances  specification  characteristics  are  available  but  \ here  such  a variety  of  equipmem 
types  exist  It  is  inevitable  that  . ome  assumptions  must  be  made.  Since  receiver  RF  selectivity  and  trans- 
mitter output  selectivity  are  not  commonly  specified  engineering  judgment  Is  required  to  establish  these 
chatacterlstlcs.  The  selectivity  can  be  approximated  by  evaluating  the  associated  circuitry  and  other 
related  specifications  such  as  harmonic,  spurious,  and  image  rejection, 

3.3  Potential  Interference  Modes 

The  modes  of  electromagnetic  interference  which  present  the  most  serious  potential  for  interference 
include  the  following: 

(a)  Generation  of  spurious  signals  by  transmitters  at  receiver  operating  frequencies  resulting  in 
receiver  dosensiilzation. 

(b)  Desens itizntlon  of  receivers  through  saturation  or  cross -modulation  by  RF  energy  from 
transmitters. 

(c)  Desensitizntlon  of  receivers  ti  rough  appearance  of  transmitter  outputs  on  receiver  spurious 
response  frequencies. 

(d)  Interference  with  the  operation  of  transmitters  nnd/cr  generation  of  external  intermodulation 
products  through  coupling  of  outputs  from  other  transmitters. 

Each  mode  Is  a potentinl  source  of  Interference  In  certain  areas  of  the  R7  spectrum  of  interest.  The 
first  thre«  modes  are  common  mechanisms  for  Interference.  However,  transmitter  intermodula'.ion  inter- 
ference Is  less  common  and  Is  usually  encountered  only  where  collocated  high  power  transmitters  mu  at 
share  a limited  r;  ge  of  the  spectrum.  Since  the  equipment  complement  typically  uses  several  high  power 
UHF  transmitters  this  interference  mode  is  n mnjor  concern. 
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4.1  Interference  Threshold 

The  equipment  complement  contains  electronic  equipment  designed  for  specific  operational  purposes 
which  vary  widely,  thus  the  characteristics  of  these  equipments  also  vary  widely.  The  power  output  of 
transmitters  and  the  sensitivity  level  of  receivers  differ  as  do  the  modulation  types  used.  Some  equip- 
ments use  pulse  type  modulation  with  various  pulse  durations  and  differing  peak  power  outputs.  Other 
equipments  utilize  continuous  modulation  of  amplitude  modulated  signals,  narrowband  FM  signals,  wide- 
band FM  signals,  in  addition  to  special  purpose  modulation  types.  Also,  depending  on  the  operating  mode 
selected,  different  transmitted  power  spectrums  may  be  radiated  from  a single  equipment  type.  Rigorous 
analysis  of  each  operating  mode  and  modulation  type  encounter  ed  would  require  exacting  detail  to  each 
modulation  type  and  its  potential  interference  mechanism,  together  with  the  potential  interference  mechan- 
ism of  each  modulation  type  on  all  other  modulation  types  to  be  encountered.  To  conduct  such  an  analysis 
would  require  many  hours  of  careful  attention  to  exacting  detail.  The  results  obtained  would  not  provide  a 
significant  increase  of  useful  information  beyond  that  which  would  be  obtained  by  establishing  some  safe, 
worst  case  criteria  for  interference.  Thus,  for  the  bulk  of  the  analysis  to  be  performed,  a generalized 
criteria  of  interference  should  be  established  which  does  not  consider  the  modulation  type  involved. 

Interference  can  generally  be  defined  as  that  disturbance  occurring  when  the  peak  radiated  signal 
from  a generating  source  referred  to  the  input  of  a receptor  exceeds  a threshold  specified  for  that  par- 
ticular receptor.  In  applied  analysis  problems  a good  approach  is  to  define  oe  interference  threshold  of 
a receptor  specified  as  10  dD  lower  than  the  sensitivity  level  specified  for  that  equipment.  The  threshold 
of  interference  may  vary  from  this  10  dB  criteria  but  the  use  of  a generalized  interference  definition 
permits  the  analysis  to  proceed  by  treating  all  equipment  types  as  equals.  The  analysis  can  then  proceed 
to  eliminate  some  enlarged  segments  of  the  equipment  complement  as  potential  interference  problems 
based  on  worst  case  values.  In  those  areas  where  equipment  problems  are  indicated  as  marginal,  further 
detailed  analysis  is  applied  to  determine  if  the  potential  interference  revealed  is  real  or  the  result  of 
utilizing  worst  case  values  in  the  analysis.  In  some  cases,  it  may  be  necessary  to  re-evaluate  the  accuracy 
of  the  interference  threshold  if  the  potential  for  interference  is  marginal. 

4.2  Computer  Analysis  Techniques 

The  computer  analysis  techniques  based  upon  existing  programs  (Bogdanor,  Dr.  J.  L. , 1971)  can  be 
used  for  computation  of  antenna  isolations  and  the  subsequent  computation  of  EMI  interference  levels  be- 
tween equipments  for  frequency  coincidence. 

A three-dimensional  mathematical  model  of  the  airframe  Is  used  in  conjunction  with  antenna  locations 
and  characteristics  to  calculate  antenna  isolations  between  specified  subsystems.  The  isolation  is  calcu- 
lated in  three  components:  fre  space,  wing  shading,  and  fuselage  curvature.  Frequency  coincidence  and 
signal  level  calculations  can  be  performed  according  to  equipment  generator  or  receptor  characteristics. 
The  program  readout  identifies  the  interference  margins  (positive  and  negative  levels)  and  antenna  isola- 
tion components  between  generator  and  receptor  subsystems. 

The  basic  program  can  be  adapted  to  perform  computations  for  interference  types  other  than  direct 
and  harmonic  frequency  coincidence  interference.  This  can  be  achieved  by  prudent  selection  of  equipment 
characteristics  and  multiple  inputs  to  provide  a series  of  interference  calculations.  The  hasic  program 
input  parameters  for  a transmitter  include  a power  output  level,  lower  band -upper  band  limits,  and  ’ >wer 
skirt-upper  skirt  limits.  The  transmitter  can  be  made  to  appear  as  a spurious  generator  by  lower.  the 
power  output  to  a spurious  level  and  giving  the  transmitter  an  output  selectivity  of  the  transmitter -tuned 
output  characteristics.  Similarly,  the  spurious  response  characteristics  of  a receiver  may  be  simulated 
by  changing  the  receiver  sensitivity  to  a receiver  spurious  susceptibility  level,  and  braodening  the 
receiver  selectivity  characteristics  to  include  the  RF  front  end  selectivity. 

Adjacent  channel  interference  can  be  analyzed  by  providing  a transmitter  power  at  a discrete  fre- 
quency and  utilizing  a receiver  with  identical  characteristics  but  operating  at  specific  frequency  increments 
from  the  transmitter  frequency.  Thus  the  level  obtained  can  be  used  to  plot  an  interfering  signal  level 
versus  frequency  separation.  Several  computer  runs  can  be  performed  to  obtain  antenna  Isolations  for  all 
preliminary  antenna  locations. 

4.3  Manual  Analysis 

Conventional  analysis  techniques  can  be  applied  using  the  antenna  isolations  calculated  by  computer 
techniques.  A simple  but  extremely  useful  tool  Is  a plot  of  transmitter  power  output  and  receiver  sensi- 
tivity levels  as  illustrated  in  Figure  3.  Transmitter  harmonic  levels  as  extracted  from  equipment  speci- 
fications provides  additional  information.  Visual  examination  of  these  simple  plots  result  in  the  determina- 
tion of  the  isolation  requirements  between  specific  transmitting  and  receiving  equipments.  An  evaluation 
of  the  specific  equipments  involved  must  be  made  to  consider  the  components  of  isolation  present  in  any 
particular  subsystem.  Components  which  typically  impact  the  isolation  in  addition  to  space  isolation  arc 
antenra  directivity,  antenna  efficiency,  and  equipment  selectivity  or  filtering.  After  consideration  of 
these  i actors  a comparison  of  the  isolation  required  and  the  space  isolation  can  be  performed  to  establish 
the  potential  for  interference.  This  is  obviously  a simple  summation  but  a visual  presentation  ensures 
that  all  subsystems  are  collectively  reviewed. 
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5.  ANTENNA  ISOLATION  CONSIDERATIONS  £> 

The  potential  lor  improvement  ol  the  antenna -to -antenna  EMC  profile  of  an  aircraft  by  antenna 
relocation  is  limited  to:  a)  Increase  in  antenna  space  isolation;  b)  Optimum  placement  of  antenna  to 
reduce  interactions  between  interfering  and  susceptible  equipments. 

The  increase  in  antenna  isolation  resulting  from  Increased  Bpace  isolation  cannot  have  a major 
impact  on  the  aircraft  EMC  profile  because  the  magnitude  of  the  increase  is  limited.  An  examination  of 
isolation  calculations  reveals  the  extent  of  the  limit.  The  isolation  of  top-to-top  or  bottom -to -bottom 
located  antennas  is  essentially  the  same  as  free  space  propagation  and  may  be  calculated  as  follows. 


The  power  received  by  a receptog 

/lx  102  x 3.  2b\ 

Pr  ■ GrGtPt  \ na  / 


antenna  is  defined  as  follows: 


Where:  » Received  power  (watts) 

Gr  “ Receiver  antenna  gain 
G(  ■>  Transmitter  antenna  gain 
Pj  = Transmitter  power  (watts) 
d s Antenna  separation  (feet) 
f * Transmitter  frequency  (MHz) 


When  considering  unity  for  antenna  gain,  for  example  Gt  = 1)  Gr  = 1,  these  terms  are  omitted  with 
an  isolation  equation  given  as: 


Pt 
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This  expression  gives  a space  isolation  figure  in  a power  ratio  between  antennas  as  a function  of 
frequency.  This  ratio  when  expressed  in  dll  of ‘space  isolation  is  plotted  in  Figure  4 for  a number  of 
typical  ircquencies  and  lor  antenna  spacings  of  1 to  ^00  feet. 

5.1  Isolation  Limitations  ' 

The  effective  free  space  antenna  Isolation  is  a function  of  the  square  of  both  the  frequency  and 
antenna  Bpace  separation.  Thus  a two-fold  increase  in  either  the  frequency  or  distance  between  antennas 
results  in  a 6 dB  increase  in  antenna  isolation.  Thus  at  the  worse  case  UHF  of  225  MHz  and  a distance  of 
10'  feet,  the  Isolation  would  be  29  dB.  Increasing  the  separation  to  20  feet  will  increase  the  Isolation  to 
35  dB.  Figure  5 illustrates  the  effect  of  doubling  the  antenna  separation.  An  eight-fold  increase  will 
result  in  an  18  dB  increase  in  isolation. 

The  maximum  isolation  which  could  be  obtained  on  an  airframe  for  a top-to-top  or  bottom-to- 
bottom  UHF  antenna  pair  is  55  dB  (225  MHz)  assuming  a usable  fuselage  length  of  approximately  200  feet. 

Comparing  the  relative  dimensions  of  some  typical  large  airframes  such  as  the  Boeing  707  and  747 
(120  and  225  feet  respectively)  and  assuming  that  all  antennas  are  located  on  the  airframes  in  the  same 
respective  general  locations,  the  antenna  space  isolation  on  the  747  will  be  225-;-  129  or  1.75  times  that 
on  the  707.  This  is  equivalent  to  5 dB  of  antenna  space  isolation. 

&ich  a hypothetical  case  is  a very  real  situation  because  the  same  factors  which  influenced  the 
selection  of  antenna  locations  on  each  aircraft  and  the  equipment  complement  arc  nearly  identical. 
Principal  factors  influencing  the  antenna  locations  are  antenna  pattern  coverage  requirements,  proximity 
to  equipment,  EMC,  and  physical  constraints.  The  most  important  of  these  factors  is  antenna  pattern 
coverage  and  the  same  requirements  are  valid  regardless  of  the  aircraft  size. 

5.2  Antenna  Location  Considerations 

In  some  instances  an  advantage  can  be  obtained  by  degrading  the  isolation  between  antennas  where 
the  interference  mode  is  predictable  and  can  be  controlled  by  frequency  management  in  order  to  maximize 
the  isolation  between  other  antennas.  An  example  of  this  is  the  UHF  high  power  transmit  and  UHF  receive 
antennas.  Grouping  Ihe  transmit  antennas  in  one  group  on  the  forward  top  area  of  the  airframe  degrades 
the  transmitter -to -transmitter  intermodulation  product  Interference  mode  but  permits  the  UHF  receive 
antenna  to  be  located  in  areas  to  maintain  maximum  space  isolation  between  transmit  and  receiver  an- 
tennas Which  enhances  performance  in  all  other  interfirence  modes.  Traasmtttcr-to-lransmitter  inter - 
modulation  products  can  then  be  calculated  and  during  the  frequency  allocation  process  these  frequencies 
avoided  for  the  UHF  receive  frequencies  assigned. 

Other  obviously  prudent  measures  should  be  taken  in  the  assignment  of  antenna  locations.  Where 
directive  antennas  are  employed  in  a fixed  direction  these  should  be  located  such  that  other  antennas  are 
not  in  the  beam  pattern.  Wing  shading  can  also  bb  used  to  maximize  the  space  isolation  between  antennas 
located  on  tho  top  and  bottom  of  the  fuselage.  The  use  of  computer  calculations  that  provide  data  on  the 


three  isolation  components  due  to  space  isolation,  fuselage  curvature,  and  wing  shading  can  provide  a 
good  indication  of  the  advantages  which  can  be  obtained  due  to  these  components. 

6.  ANALYSIS  RESULTS  - TYPICAL 


This  section  presents  some  of  the  results  of  analyses  which  have  been  performed  in  the  past. 
These  examples  are  supplied  to  illustrate  the  type  and  magnitude  of  the  data  obtained  from  such  an 
analysis. 


6. 1 Antenna  Isolation 

Antenna-to-antenna  isolation  values  should  be  computed  at  several  frequencies  over  the  range  of 
application.  However,  in  a worst  case  evaluation  the  isolation  value  for  the  lowest  frequency  of  applica- 
tion should  be  used.  Table  I contains  some  typical  antenna  isolations  which  have  been  selected  from  past 
analyses.  Minimum  and  maximum  isolations  represent  the  range  that  can  be  expected  for  antennas  that 
are  spaced  near  and  far  respectively  within  the  confines  of  an  airframe. 

6. 2 Frequency  Coincidence  Interference 

Frequency  coincidence  interference  may  occur  when  an  operating  transmitter  is  tuned  so  that 
either  a fundamental,  spurious,  or  harmonic  output  frequency  falls  on  the  operating  frequency  of  a 
receiver  at  a signal  level  near  the  receiver  threshold. 

Interference  by  direct  frequency  coincidence  will  occur  for  virtually  all  equipments  (transmitters 
and  receivers)  unless  sufficient  separation  of  operating  frequencies  is  maintained. 

The  operating  ranges  of  all  pertinent  equipments  are  illustrated  in  Figure  3.  Both  transmitter 
power  output  and  receiver  sensitivity  levels  are  plotted  versus  frequency.  This  figure  illustrates  direct 
frequency  coincidence  between  transmitters  and  receivers. 

Transmitted  power  levels  range  between  +40  dBm  and  +60  dBm  and  receiver  sensitivities  generally 
range  between  -93.0  dBm  and  -99  dBm.  Thus,  to  avoid  all  interference  isolations  in  the  range  of  126.5 
to  159  dB  must  be  achieved.  This  is  illustrated  in  Figure  6.  For  direct  frequency  coincidence,  the  only 
significant  factor  contributing  to  isolation  is  antenna  isolation.  For  the  large  quantity  of  antennas  re- 
quired, it  is  immediately  obvious  that  isolations  of  the  magnitude  required  to  avoid  interference  cannot 
be  achieved  within  the  confines  of  an  airframe.  Therefore,  the  only  alternative  to  provide  satisfactory 
performance  of  multiple  equipments  within  a limited  frequency  range  is  to  maintain  separation  between 
the  operating  frequencies  of  individual  equipments  according  to  frequency  allocation  criteria  which  pre- 
cludes interfering  signals. 

6. 3 Harmonic  Frequency  Coincidence 

The  harmonic  output  of  all  transmitters  must  be  analyzed  to  determine  if  the  signal  level  of  these 
harmonics  at  the  receiver  input  is  of  sufficient  level  to  cause  interference.  Of  primary  interest  in  the 
harmonic  area  is  the  HF  equipments  interfering  with  the  VHF  and  UHF  equipments,  the  VHF  interfering 
with  the  UHF,  and  the  UHF  interfering  with  the  RACAN  receivers.  VHF  transmitter  2nd  and  3rd  har- 
monics are  typically  60  dB  down  from  the  carrier  level  and  fall  within  die  UHF  frequency  band.  The 
total  isolation  required  to  prevent  interference  is  83  dB.  Examination  of  the  worst  case  VHF-to-UHF 
antenna  isolations  makes  it  obvious  that  total  isolation  required  cannot  be  achieved  except  in  rare 
instances.  Therefore,  frequency  management  must  be  utilized  to  prevent  UHF  interference  due  to  VHF 
transmitter  harmonics.  Such  management  requires  the  exclusion  of  tuning  a VHF  transmitter  whose  2nd 
or  3rd  harmonic  falls  upon  a receive  frequency  in  the  UHF  band. 

A similar  condition  exists  for  the  UHF  3rd  harmonic  which  has  coincidence  with  the  identification 
transponder  and  TACAN  receivers.  Isolations  required  are  67  dB  for  the  transponder  and  93  dB  for  the 
TACAN  receiver.  Again  the  isolations  required  are  quite  high;  however,  the  possibility  of  false  indications 
will  be  inhibited  by  the  modulation  rejection  characteristics  of  the  receivers.  Both  equipments  utilize  a 
pulse-type  modulation  which  may  provide  some  rejection  to  the  AM  or  FM  type  modulated  signal  which 
would  be  radiating  from  the  UHF  equipments. 

The  harmonic  outputs  of  the  HF  transmitter  are  numerous  since  the  operating  range  of  the  equip- 
ment covers  several  octaves  of  the  frequency  spectrum.  Since  space  antenna  isolations  at  HF  are  quite 
small  (typically  may  be  6 dB)  and  the  receiver  sensitivity  is  -107  dBm,  frequency  management  must  be 
used  to  prevent  interference  with  HF  receivers. 

For  other  HF  operating  frequencies  the  harmonics  that  fall  in  VHF  and  UHF  bands  were  evaluated 
and  the  worst  case  values  were  plotted  in  Figure  7.  Since  isolations  of  62  to  84. 5 dB  will  be  difficult  to 
achieve,  frequency  management  is  required  to  avoid  interference. 

6. 4 Transmitter  Spurious  Interference 

The  spurious  outputs  from  high  power  UHF  transmitters  are  a serious  source  of  interference. 

These  are  typically  required  to  be  only  80  dB  down  from  the  desired  carrier  level.  Thus,  for  a trans- 
mitted carrier  level  of  +60  uB  the  spurious  emissions  may  be  radiating  at  a level  as  high  ar  ''0  dBm. 

An  adjacent  UHF  receiver  with  a typical  antenna  Isolation  of  40  dB  would  receive  this  signs  60  dBm, 
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which  is  much  higher  than  the  interference  threshold  (typically  -10?  dBm).  The  only  feasible  solution  to 
this  type  of  interference  is  to  reduce  the  spurious  level  by  the  ur  3 of  RF  filters  in  the  transmitter  group. 
Filters  are  available  which  provide  an  additional  60  dB  of  isolation  at  ±5  MHz  of  the  carrier  frequency 
but  a compromise  must  be  made  in  accepting  the  additional  size,  weight,  and  cost. 

6. 5  Transmitter  Intermodulation 

UHF  transmitter  intermodulation  interference  is  a major  problem  due  to  quantity  of  equipment  in- 
volved. An  example  is  illustrated  in  Figure  8 for  transmitter  Q radiating  into  transmitter  P both  of  which 
are  operating  in  close  proximity  to  each  other.  An  intermodulation  product  level  will  be  shown  to  be  a 
function  of  frequency  separation  and  transmitter  output  filtering  action.  Line  losses  are  neglected  and  no 
transmitter  modulation  is  assumed  (a  worst  case). 

The  orderly  flow  of  interfering  transmitter  IM  signal  to  result  in  a receiver  compromise  (worst 
case  UHF  system). 


a. 

XMTR  output  power 

+60  dBm 

b. 

XMTR  Q to  XMTR  P antenna  isolation  loss 

-23.5  dB 

c. 

XMTR  P IM  conversion  coefficient 

-30  dB 

d. 

XMTR  P rejection  to  Q (depends  upon 
frequency  separation) 

To  Be  Determined 

e. 

Resulting  IM  signal  power  radiating  from  XMTR  P 
(disregarding  (d)  ) 

+6. 5 dBm 

f. 

XMTR  rejection  to  IM  (same  as  (d)  ) 

To  Be  Determined 

g. 

XMTR  P to  RCVR  K antenna  isolation 

38.5  dB 

h. 

Resulting  IM  signal  level  appearing  at  RCVR  K 
input  (assumes  flm  = f f = 2fp  - f^) 

-32  dBm 

i. 

RCVR  K sensitivity  minus  10  dB 

-109  dBm 

i- 

Required  amount  of  IM  suppression  to  result 
in  no  compromise 

77  dB 

The  selectivity  required  at  the  transmitter  output  by  either  the  normal  output  selectivity  or  by  the 
combined  transmitter  output  and  an  output  filter  selectivity  may  be  one  -half  the  suppression  required 
above.  This  results  from  the  interfering  signal  Q entering  transmitter  P off  frequency  and  the  resulting 
IM  leaves  the  transmitter  at  the  same  frequency  separation  from  P's  center  frequency  but  to  the  other  side. 
The  minimum  frequency  separation  allowable  to  obtain  the  77  dB  with  the  normal  rejection  due  to  the  out- 
put stage  of  the  transmitter  is  43  MHz.  Such  frequency  separation  is  not  feasible  to  maintain  within  a 
system  using  a high  density  of  transmitting  equipments  operating  in  the  same  basic  frequency  range.  Also, 
the  isolation  required  is  not  achievable  and  therefore  it  must  be  concluded  that  frequency  separation  cri- 
teria is  not  a feasible  solution  for  the  transmitter -to -transmitter  intermodulation  problem  encountered  on 
this  system.  The  alternative  solution  to  this  problem  is  to  provide  an  analysis  prior  to  assigning  fre- 
quencies to  ensure  that  transmitter  intermodulation  products  do  not  fall  on  assigned  receiver  frequencies. 
The  use  of  filters  at  the  UHF  transmitter  output  could  be  used  to  make  frequency  separation  a feasible 
approach. 

6. 6 Radar 

Radar  receivers  use  a waveguide  transmission  line  for  coupling  the  RF  energy  between  the  receiver/ 
transmitter  and  the  antenna.  The  radar  receiver  operates  at  a frequency  of  approximately  10  GHz. 
Typically  waveguide  transmission  lines  used  for  radar  act  as  a waveguide  below  cutoff  with  an  extremely 
high  signal  attenuation  below  the  desired  operating  frequency.  Since  all  potential  sources  of  interference 
are  well  below  the  operating  frequency  of  the  radar  receiver,  the  isolation  is  sufficiently  great  to  preclude 
interference.  The  radar  transmitter  peak  pulse  output  of  +78  dBm  at  10  GHz  will  be  sufficiently  isolated 
by  a combination  of  antenna  isolation  and  receptor  antenna  efficiencies  to  preclude  out-of-band  interference 
to  other  receptors  of  the  aircraft.  Antenna  isolation  at  this  higher  frequency  will  account  for  approxi- 
mately 70  dB  attenuation  to  the  nearest  receive  equipments.  The  directive  nature  of  the  radar  antenna 
serves  to  enhance  the  electromagnetic  isolation  between  equipments. 

6. 7 TACAN 

The  TACAN  receiver  operates  on  a selected  channel  in  the  operating  frequency  range  of  900  to  1213 
MHz.  The  potential  interference  source  for  the  TACAN  receiver  is  the  UHF  transmitter  3rd  harmonics. 
The  potential  for  interference  exists  if  the  3rd  harmonic  is  a direct  frequency  coincidence  with  the  receive 
TACAN  frequency.  TACAN  has  a sufficiently  sharp  selectivity  characteristic  to  make  feasibie  the  use  of 
frequency  management  to  avoid  this  interference  by  not  operating  a UHF  transmitter  on  a frequency  that 
has  a 3rd  harmonic  which  coincides  with  the  TACAN  channel  selected. 


6. 8 VHF  Communications  Equipment 

The  potential  source  of  inband  interference  for  the  VHF  equipment  are  the  higher  harmonics  of  the 
HF  transmitters  which  are  -73  dB  and  -83. 7 dB  below  the  fundamental  frequency.  For  the  worst  case 
situation,  the  harmonic  radiation  from  the  HF  transmitter  would  appes  r at  a -13  dBm  level  and  require 
84.5  dB  of  additional  isolation  from  the  VHF  equipment  receiver  sensitivity  of  97. 5 dBm.  Typical  an- 
tenna space  isolation  at  these  frequencies  and  approximately  100  feet  distant  from  the  HF  probe  antennas 
is  44  dB.  The  HF  harmonics  could  therefore  exceed  the  VHF  receive  .*  sensitivity  by  approximately  40  dB 
and  be  a serious  source  of  interference.  Frequency  management  techniques  will  be  required  to  avoid 
tuning  the  HF  transmitters  such  that  harmonics  fall  on  assigned  VHF  receiver  frequencies. 

6.9  Radio  Altimeter 

The  radio  altimeter  uses  transmit  and  receive  antennas  located  on  the  bottom  of  the  fuselage  and  operates 
in  the  frequency  range  of  4. 25  to  4. 35  GHz.  This  equipment  is  sufficiently  isolated  in  frequency  from  the 
UHF  and  VHF  communication  equipments,  such  that  any  harmonics  would  be  attenuated  by  equipment 
characteristics,  antenna  space  isolation,  and  the  downward  directivity  characteristic  of  the  receive  an- 
tenna to  preclude  the  occurrence  of  interference. 

6. 10  ADF  Equipments 

Proper  usage  of  ADF  equipment  always  requires  the  employment  of  prudent  operator  judgment  to 
insure  that  the  desired  signals  are  being  obtained.  Interference  will  occur  if  direct  frequency  coincidence 
of  either  fundamental  or  harmonic  frequencies  fail  on  the  desired  receiver  operating  frequency.  Therefore, 
they  must  be  treated  as  any  other  receiver  operating  in  their  frequency  range.  If  it  is  desired,  for  instance 
to  use  the  ADF  equipment  in  the  UHF  range,  it  would  not  be  possible  to  accurately  detect  a distant  signal 
which  was  on  the  same  frequency  as  an  operating  UHF  transmitter. 

7.  INTERFERENCE  CONTROL 

During  the  analysis  many  potential  areas  of  interference  which  require  frequency  management  to 
avoid  will  be  identified.  It  must  be  concluded  that  collocation  of  a large  quantity  of  RF  transmitters 
and  receivers  within  the  confines  of  the  airframe  induces  the  requirement  for  interference  control,  via 
frequency  management  as  a system  design  parameter. 

7.1  General  Frequency  Management  Criteria 

Throughout  the  analysis  specific  frequency  managements  should  be  tabulated  in  detail.  A summary 
of  those  areas  requireing  frequency  management  are  illustrated  in  the  matrix  of  Table  n.  The  matrix 
identifies  the  receiving  equipment  in  the  first  column  and  the  source  and  type  of  interference  in  the  second 
and  third  columns  respectively.  The  last  column  contains  the  operating  constraint  required  for  effective 
control  of  the  potential  interferences. 

Several  types  of  operational  constraints  are  required  as  follows: 

(a)  Transmitter  fundamental  or  harmonic  frequencies  must  avoid  fixed  receiver  frequencies. 

(b)  Transmitter  or  receiver  frequencies  which  are  both  variable  must  be  selected  to  preclude 
mutual  interference.  Priority  must  be  established  for  either  transmit  or  receive  operation. 

(c)  Transmitter  to  receiver  operating  frequency  separation  must  be  maintained. 

(d)  UHF  Transmitter-to-transmitter  3rd  and  5th  intermodulation  products  must  not  fall  on 
assigned  receiver  operating  frequencies.  Priority  must  be  established  for  either  transmit 
or  receive  operating  frequencies. 

(e)  Fixed  transmit  and  receive  frequencies  such  as  guard  channels,  FAA  traffic  control,  satellite, 
etc. , must  be  considered  to  avoid  frequency  coincidence. 

Transmitter  and  receiver  operating  frequency  separations  within  the  same  operating  ranges  are 
required  to  achieve  isolation  via  the  equipment  selectivity  to  preclude  either  receiver  spurious  responses 
or  transmitter  spurious  output  interference.  Both  types  of  interference  occur  at  discrete  frequencies 
which  may  or  may  not  be  predictable.  However,  even  when  predictable,  the  location  of  these  interference 
types  vary  as  a function  of  operating  frequency  and  the  large  number  of  potential  interference  frequencies 
make  it  a difficult  task  to  use  interference  control  for  each  discrete  interference  frequency.  Therefore, 
control  is  implemented  over  the  frequency  range  in  which  discrete  interference  may  occur  by  maintaining 
frequency  separation  between  operating  frequencies.  It  should  be  noted  that  interference  free  operation 
within  this  frequency  range  may  be  possible  due  to  the  discrete  frequency  nature  of  the  interference. 

7. 2 Frequency  Management  Plan 

The  total  frequency  management  plan  to  be  used  must  be  developed  using  inputs  from  the  analysis 
and  other  sources.  The  information  obtained  from  the  analysis  represents  only  one  set  of  constraints  for 
the  total  frequency  management  plan.  The  plan  must  consider  all  operational  interfaces  and  the  available 


degrees  of  freedom  for  frequency  allocations.  The  complexity  of  such  a frequency  plan  makes  it  a 
laborious  and  difficult  task  to  select  compatible  frequency  assignments.  The  use  of  computer  techniques 
for  selected  frequency  assignments  could  be  used  to  make  this  task  relatively  simple.  An  initial  outlay 
would  be  required  to  develop  the  computer  program,  but  new  frequency  assignments  could  be  generated 
rapidly  which  could  offset  the  cost  of  developing  the  prop  *wn  over  the  long  term. 
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TYPICAL  ANTENNA  ISOLATIONS 
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RESUME 

Cet  article  vise  4 foumir  A l'inginieur  dc  telecommunications  un  guide  pour  rdduire  au  minimum  la  perte  d'information  k travers 
la  chaine  de  reception  d'un  signal,  en  maintenant  k un  aussi  faible  niveau  que  possible  1'introduction  de  bruit  au*  divers  stades  du 
craitcment.  11  resume,  de  ce  point  de  vue,  les  nombreux  travaux  publics  sur  ce  sujet,  et  met  en  lumiire  les  moyens  pratiques  condui- 
sant  au  risultat. 

Le  bruit  et  le  signal  y sont  considers  k travers  leurs representations  spectrales  respectives.  Ceci  permet,  k l'aide  de  notions 
connues  de  chacun,  de  difinir  1'effet  de  masquage  du  signal  par  le  bruit  et  de  calculer  Involution  du  niveau  de  bruit  en  fonction  de£- 
traitements  subis.  Les  formules  ainsi  dtablies  sont  aisiment  applicablcs  dans  les  divers  cas  pratiques.  Au  passage,  on  examine 
les  problfenes  posis  par  la  reconnaissance  de  la  presence  d'un  signal  dans  le  bruit. 

Le  present  article  resume  une  Note  Technique  ONERA  (n°  231)  k paraitre  prochaineir.nt. 


ANALYSIS  OF  THE  NOISE  AND  ITS  INFLUENCE  ON  COMMUNICATION  SYSTEMS 


SUMMARY 

The  paper  aims  at  providing  the  communications  engineer  with  guidelines  in  view  to  minimize  the  loss  of  information  through 
signal  reception  ard  processing,  by  keeping  to  a minimum  the  introduction  of  noise  at  the  different  stages  of  data  treatment.  It  summa- 
rizes, from  this  point  of  view,  the  many  theoretical  works  found  in  the  literature,  and  emphasizes  the  practical  steps  leading  to  the 
results. 

Noise  and  signal  are  considered  through  their  respective  spectral  representations.  This  permits,  through  well  known  concepts,  a 
definition  of  the  effect  of  signal  masking  by  the  noise,  and  the  calculation  of  the  noise  level  as  a function  of  processing  means.  For- 
mulas established  this  way  are  easily  applicable  to  various  practical  cases.  Problems  raised  by  the  discovery  of  the  signal  within 
the  noise  are  also  mentioned. 

The  present  paper  summarizes  an  ONERA  Technical  Note  (ns  231)  to  be  published  shortly. 


I - INTRODUCTION 

Dans  tout  systdme  de  communication  radioilectrique,  la  limitation  finale  des  performances  rlsulte  de  la  presence  des  bruits  para- 
sites qui  se  superposent  au  signal  transmis.  11  est  indispensable  d'en  tenir  compte  pour  determiner  le  ricepteur  afin  que  le  signal 
utile  ne  soit  pas  degrade  de  faqon  excessive  par  le  bruit,  tout  au  long  des  traitements  subis.  Ceci  fait  1'objet  de  la  thForie  du  signal 
ou  de  la  theorie  de  la  communication.  Celles-ci  ont  ete  traitees  entre  autres  par  D.  Gabor  1946,  W.R.  Bennet  1965,  B.  Picinbono  1964 
et  1967,  E.  Roubine  1970  et  J.  Dupraz  1973.  II  n'est  cependant  pas  indispensable  de  connaitrc  ces  theories  k fond  pour  comprendre 
les  propriet6s  du  bruit  et  suivre  revolution  du  rapport  entre  le  signal  et  le  bruit  tout  au  long  du  rficepteur.  Les  donnees  group6es  dans 
le  text  e ci-apris  permettent  de  suivre  cette  evolution. 

II  - LE  BRUIT 

Dans  l'ensemble  des  signaux  perturbateurs  qui  peuvent  etre  capt6s  par  un  ricepteur,  certains  occupcnt  une.  bande  passante  6troite. 
Ces  brouilleurs  sont  relativement  peu  gfnants  car  ils  peuvent  hire  ais6ment  elimines  par  un  choix  judicieux  de  la  frequence.  Les 
autres  ont  une  bande  passante  tris  large.  Us  constituent  le  bruit  de  fond  inevitable  dans  route  operation  de  trai’ement  du  signal. 
Remarquons  tout  d'abord  que,  si  ces  impulsions  br6ves  de  bruit  ne  se  produisaicnt  que  de  temps  cn  temps,  ou  si  leur  cadence  de 
repetition  suivait  une  loi  deterministe,  il  serait  relativement  aise  de  r6duire  profondiment  leur  influence  sur  le  signal  rey-u.  Aussi  ne 
nous  intdresseronsuious  ci-apris  qu'aux  bruits  cri6s  par  des  impulsions  se  succidant  de  faqon  erratique.  Le  spectre  de  ces  bruits 
est  continu  duns  une  bande  passante  qui  est  en  general  large  devant  celle  du  ricepteur.  II  en  risulte  que  la  partie  du  spectre  de  oruit 
qui  pinitre  dans  le  ricepteur  est  presque  uniforme,  d'oil  l'intirit  prisenti  pat  1'itude  d'un  « bruit  blanc*  hypothitique  qui  aurait  une 
repartition  spectrale  constante  d'un  bout  k i'autre  de  la  bande  de  reception  et  dont  le  caractire  erratique  serait  contenu  dans  le  seul 
paramitre  disponiblc  du  spectre  ainsi  ddcrit,  c'est-4-dire  porti  par  la  phase  des  raies  du  spectre,  laquelle  varierait  aieatoirement 
d'une  raic  4 I'autre.  Rappelons  que  la  raie  spectr-le  d'un  bruit  blanc  est  difinie  par  sa  largeur,  laquelle  est  inseparable  du  temps 
• total  T,  pendant  lequel  le  signal  est  observe.  Deux  raies  de  bruit  ont  un:  existence  individuelle  quand  l'observateur  peut  les  separer, 

! c'est-4-dire  quand  elles  sont  icarties  de  1/T.  Consulter  par  exemple  P.M.  Woodward  1953,  P.  Grivet  1958,  A.  Blanc-Lapierre  1953  et 
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La  tension  obtenue  par  1 'addition  de  toutes  rv-t  raiea  apcctralcs  a une  valeur  doyenne  nulle  et  une  puissance  moyenne  tgale  k 
la  aomme  des  puissances  dea  raiea  du  spectre.  Quant  fc  la  valeur  in*tantan6e  b de  cette  tension,  elle  eat  caractlris6e  par  la  loi  de 
rypamtion  de  son  amplitude  : e'est  unc  courbe  de  Gar.  *,  et  p-r  la  loi  de  repartition  des  phases  : toutes  les  valeurs  angulaires  sont 
yquiprobables.  11  est  cepcndant  bien  commode  de  tetnr  -•  mpte  de  la  puissance  de  bruit  en  introduiaai\t  une  tension  fictiveU  qui  aurait 
la  m^me  puissance  que  le  bruit. 

* On  peut  diduire  des  propriyty*  ci-dcssus,  la  probability  ^^jb|  > d'avoir  le  module  |b|  J,i  bruit  supdrieur  A une  valeur  U, 
Elle  eat  Agale  k la  surface  dilimit Ae  par  la  courbe  dc  Gauss.  uu-delA  des  abscisses  £ 

11  vjent 


Le  fait  que  la  phase  du  bruit  a une  repartition  uniforme  de  probability  petmet  tie  reprtsenter  l’addition  d’un  signal  et  du  bruit  par 
le  diagramme  vectoriel  de  la  figure  2.  Haas  ce  diagramme,  OA  correspond  au  signal  s.*P  est  reprysenty  par  un  vecteur  ay  ant  unc  de 
aes  esttrimitys  au  point  0 et  I'autre  extrymiry  dans  le  plan  dc  la  figure  avec  la  probability  P (|bl  > ti)  d’avoir  un  module  |b| 
aupificur  A U-  Lea  cerclea  one  pour  rayon  u/T!>  et  portent  le  long  de  la  c'.confyrence  le  chifire  P(f£l>u)» 

La  probability  dP  que  le  vecteur  b sorte  d'un  cere  It  de  rayon  u/b  par  une  zone  augulaire  dyterminye  de  largeur  df)  eat 


(2)  dP«  P(|b|>u).  ifi. 

La  probability  d’avoir  le  module  de  la  aomrae  du  signal  et  au  bruit  supyrieur  A une  certaine  tension  V est  calculable  pi*r  intygr*- 
tion  dea  probability!  partielles  conataties  en  chaquc  point  du  cercle  c de  rayon  v/b  centty  en  A. 


Sur  la  figure  3 a dgaiement  yty  tracyc  la  courbe  symytrique 

donnant  < V)  aiasi  qu'ur.e  courbe  ptrallile  k passant  pat  le  point  de  probability  0 5 dea  courbes  prdeydentea. 

On  peut  con  staler  qu'il  y a pen  de  diffytrnce*  entre  P||A-eb)>Vjct  cett?  paraiUlc  A P^f£|  >u!^.  En  premitre  approximation  on  peut 
done  Acrire 

(6)  P(|4*fr  M > V)>£*  P b|  > V + 0,63  b ) pourV>>a 

(7)  P^|k|<  A—  Vy*0>6*J  b)  jour  V<-6 


Ce*  expressions  spproch^cs  peuvenc  facilitcr  ccruines  comparisons. 

Ces  courbes  dc  probability  de  dypassement  doivent  £tre  utilislcs  A chaque  fois  qm.  i’  on  doit  rechercher  lx  pr6sence  d'un  signal 
dans  le  bruit,  AppUquons-Jcs  k deux  cas  particuliers. 

a)  Recherche  d'un  signal  * 1'aide  d'unc  batterie  de  filires 

Supposons  qu'il  pui.‘:sc  exist er  un  signal  occupant  unc  bande  de  frequence  irAs  yrroite,  quelque  part  It  l'intyrieur  d’une  bande 
passante  large,  et  que  l'on  dispose  d'un  temps  d'obscrvation  T pour  dyceler  ce  signal,  II  est  souhaitablc  de  slparcr  la  bande  cotale 
en  un  grand  nombre  de  bandcs  ylymentaires  {troites,  ygales  k 1/T,  vu  que  le  bruit  prysent  dans  chacune  d'ellcs  sera  plus  faible  que 

!c  bruit  total  tandia  que  dans  l'unc  ('dies  pourra  apparaitre  le  signal  attendu.  Dcs  grouncmcnts  de  300  filtres  adjacents  aonc  fry* 

quemment  utilisys  dans  ce  but.  Une  transferee  ce  Fourier  li  500 
points  donnerait  le  »hnc  ry^ultat.  L*  figured  obu.w  expyrimenta- 
lement  reprysente  l'une  quelconque  des  situations  consiatyes  k la 
aortie  d'un  ensemble  dc  500  filtresi 

Ls  questioo  c nncipale  que  l'on  se  pose  A l'examcn  d'une  :elle 
figure  esc  de  s >ir  s'il  peut  y avoir  un  signal  superposy  au  bruit 

dans  Pun  ou  utre  dcs  filtres.  La  ryponsc  est  obtenue  4 1*  aide  de 

la  figure  $ qui  permet  dc  connaitre  la  probability  d'avoir  la  somme 
du  bruit  et  du  signal  infyticurc  ou  ygale  A ce  que  donne  le  bruit 
acul.  Ain  si,  dans  l'hypothyse  d'un  signal  qui  setait  10  dB  supyrieur  au  niveau  de  bruit  constaty  dans  chacun  dcs  filtres  y.ymentaires, 
tl  y a une  chance  sur  deux  o'avoir  le  module  de  la  somme  du  signal  ct  du  bruit  plus  faibfe  que  la  pit's  forte  tension  de  bruit  constatfe 
sur  la  figure  4.  Ce  module  a une  chance  sur  cinq  d'etre  2 dB  plus  bas  et  une  chance  sur  vingt  cinq  d'etre  5 dB  plus  bas  que  ce  niveau 
de  bruit  maximum  probable  sur  500  filtres.  Ce  qui  montre  qu’un  rapport  signal  sur  bruit  dc  10  dB  ne  permet  pas  de  orendre  de  dycision 
en  ce  qui  conceme  la  prysence  du  signal,  sauf  s>  plusieurs  spectres  successifs  sont  examinds.  ll  faut  s/’B  > 12  dB  pour  avoir  neuf 
chances  sur  dix  que  la  tension  du  filtre  concenant  le  signal  soit  plus  forte  que  le  bruit  scul  dans  Tun  quelconque  de?  300  filtres. 
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b)  Utilisation  d’un  siruil  pour  dyceler  la  prysence  d'un  signal  impulsionnel  - * “ ~ 

11  est  fryquent  dc  vouloir  dyceler  la  prysence  d'un  signal  impulsionnel  en  vyrifiant  si  la  tension  de  sortie  Ju  ryccpteur  dypasje 
un  certain  niveau,  H faut  que  ce  seuil  de  tension  soit  asscz  ylevy  afin  que  le  taux  de  fausses  alarmes  ne  soit  pas  excessif.(Ce  taux 
correspond  au  nombre  dc  fois  chaque  seconde  ou  le  bruit  excdde^lc  scuil).  Mats  il  ne  doit  pas  I'fctre  de  crop  afin  que  les  impulsions 
utiles  aoitnt  effectivement  dytcctyes. 

Soient  U la  tension  de  »euil  et  3 Is  bande  passante  du  ryccpteur, chiffrycen  Hertz. 

Le  taux  de  fausses  alarmcs  est  donny  par 

(8)  3 Bx  P(|Tl>tt) 

La  probability  de  non  dytcction  du  signal  est  k ss  P (1-6  <■  U.) 

exemple  : soient  B **  1 MHz  ; 25  ^ 100  ; 1/  100,  il  vient  : 

(9/  P (i  b|  >w)  ^ )0',,'==s>  u.  ^ 3,7  b 

U0)  P (|a’+’E|  10' 1 =*>  U.-\fiOF+  b*  < - t,  Jb 

d'oA 

(ll)  si>  >5.6b 

°u 

. */b>  15  dB 

II)  • TRANSFORMATIONS  SUBIES  PAR  LE  SIGNAL  ET  LE  BRUIT  A I.'INTERIEUR  D'UN  RECEPTEUR 
J.L  Rapport  signal  sur  utuit  A l'entrde  du  ideepteur 

Lea  operations  aubiea  pat  le  signal  et  It  bruit  i I'intdrieur  du  rdeeptrut  sont  dea  amplilications,  dea  eidlnnges  avec  d'truttes 
aignaux,  dea  (iltragca  et  des  detections,  Saul  ;n  ce  qui  conceme  I'amplilicatiwi,  cea  opdrntions  dfgtadent  l'information  teque  en 
acctoiaaant  le  niveau  dc  utuit  pat  rapport  au  niveau  du  aignal.  Pour  chiffrer  cette  d.'gradation  nous  aitona  calculer  le  rapport  tignal/ 
bruit  obtenu  k la  aottie  du  rdeepteur  et  lc  comparer  au  rapport  signal/ btuit  fictif  qu:  aurai’  did  obtenu  aans  aucune  perte  de  qu.litd 
et  qui  eaistc  potenliellcment  i 1'entr,  du  rdeepteur. 

Soit  (s/b)  ce  rapport.  Il  cat  obtenu  en  divioant  la  tension  s du  signal  par  la  tension  que  crier  ait  le  bruit  entrant  dans  le  rdcep'eur 
a'il  dealt  limitd  4 unc  bande  dc  frequence  de  larf’ur  ft  egale  k Celle  utilisde  dans  le  liltre  dc  sortie  du  rdeept cur,  Disignons  pit  Wb 
la  puissance  dc  btuit  obtenue  dans  la  bande  passante  (fective  B des  citcuin  de  (iltragc  moyenne  lidqucnce  du  tdeepteur  et  pat  * la 
puissance  du  signal. 


Il  vient  alors 


3,2.  Bruit  obtenu  k la  sortie  d'un  melangeur 


Considerons  le  cas  d'un  melangeur  dans  lequel  les  deux  signaux  SI  et  S2  seraient  brnuilles  par  des  bruits  bl  et  b2.  Le  rftle  du 
melangeur  est  d'effectuer  le  produit  des  signaux  presents  sur  ses  deux  homes  d'e’itrde,  puis  de  filtrer  It  signal  de  sortie.  Ceci  corres- 
pond 4 1'opcration 

«»  1 (st  + £ + *>1) 

(l'astdrisque  ddsigne  la  quantity  imaginaire  conjugude). 

La  seule  partie  utile  du  signal  sortant  du  melangeur  provient  du  teme  SI.  S2*.  Chacun  des  trois  autres  termes  correspond  it  un  bruit 
parasite. 

Afin  de  connritre  le  niveau  de  bruit  it  la  sortie  du  melangeur,  il  faut  tout  d'abord  calculer  la  repartition  spectrale  obtenue  par  1'additicn 
des  trois  termes  de  bruit.  Pour  celi  on  ddfinit  les  signaux  et  les  bruits  par  leurs  spectres  de  frequence 


(14) 

S1  = SU  *i  k 42>"(F*  + flt)t  + *| 

k 

(15) 

b,  . sty  J,  ei”(Fl*,k)t*ek 

(16) 

(17) 

b,  • 312  d, 

auxquels 

correspondent  les  puissances  moyennes 

(18) 

Wt  = 1 I 

1 2.  k 

* *k 

(19) 

Wg.lZ 
2 L 

(20) 

Wh-lJ 

2 k 

*\ 

(21) 

Wbls=_L  I 
2 L 

Puis  on  recherche  quels  son'  les  produirs  elemeiuuires  cnrre  rates  de  bruits 
ou  entre  les  raies  s,  ectiales  des  signaux  et  ceiles  des  bruits  qtti  sont  capable* 
de  faire  appnraitre  une  frdquenc.',  - (;+  V dcr.net.  Les  phases  etar.t  aleatoires, 
ta  puissance  de  la  raie  correspon  jam  e dans  le  spectre  chcrche  est  obrenue  par 
addition  des  puissances  des  termes  elementaires. 

A litre  d'eiemple,  la  figure  5 represent e le  spectre  des  signaux  et  des 
bruits  SI,  bl  centres  sur  la  frequence  FI  et  S2,  b2  centres  sur  F2,  la  repartition 
spectrale  de  puissance  correspondent  aux  produits  bl  b2',  si  b2*  et  s2*bl 
ainsi  juc  le  spectre  global  de  bruit  obtenu  apres  melange . Un  filtre  centre  aar 
F1-F2,  ayant  une  bnnde  passante  etroite  fB  , rt  eillerait  une  puissance  de 
bruit  dcunee  sur  1' expression 


<“  w/3  - [w»  • ♦w.w*]  fj- 

3,3.  Correlation  de  deux  signaux  semblables 


Cotisiderons  le  cas  d'une  cotrelation  en.re  deux  signaux  SI  et  Si  tr.s  voi- 
sins  l’un  tie  I'  autre;  superposis  chacun  4 des  bruits  bl  et  b2.  Lr  correlation 
consiste  4 mesurer  le  niveac  oe  la  composante  de  frequence  F1-F2  resultant  du 
melange,  laquelle  est  separce  des  autres  signaux  par  un  filtre  de  bande  passante 
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Dans  ce  cas,  ce  niveau  est  donne  pat  : . . 
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Tamils  qce  le  nito.tu  du  bruit  »!t-  *ottie  M ci4  obtenu  4 partir  de  I'exprcssion  (?2)  pour  * ^ W1  •»  W2  ef 
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d*o4  It*  rapport  signal/ bruit  apres  coti  el  alien 

<»>  ^ » . W = v /w3_  1 
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cc  qui,  d'aprls  (K)  poo*  s'ccnru 

mi  ■ <*>*-  . - -■ 

La  degradation  do  s/b  dans  lc  melange  pent  ctre  import  ante.  \ ^ 

•cseinple  : soit  (’Vk)  ••  1/  dB  cl  - 1U^  , i!  vient  , **  *"  ■■  ^ * • 

(3o)  \'Y*¥4! J-  '\JT7]j£ * u ' " " . ^ 

Lc  rapport  signal, ’brail  cst  dlgrt.de  do  23  dB.  ' " ..*'  * '*“  * V.  •»  * 

3,4.  Cits  du  »6«‘cpi*'i,r  adapt  l 

Supposoc.s  que  lc  signal  S2  appliqul  sur  la  2e  vote  du  mllangcur  soil  crU  loCalement  ct  ne  tontienne  aucun  bruit.  C‘esc  re  qui 
eM  realise  dans  les  nVq.tvut.t  dies  adapt  Is  au  signal  attetnlu  o4  S2  est  unc  rlplique  locale  reproduisant  autsi  fidllemcnt  que  possible 
lc  signal  quJ  l*on  cscompic  rccevoir.  . 

On  • alors  dans  (/.?)  - 0 ce  que  donne 


fy.)  8 -Vw«  W».  „ /Wj.  JB_ 

Ub/*  \Tk wblJ|  V P 

(VfcL  - 1%). 


Le  traiteroenc  effcvtul  dans  lc  rlcepu-ur  adapts  nc  degrade  pas  Jo  rapport  signal/ bruit. 

3,5.  Cn*  de  Is  detection  quadrat  i que 

La  detection  qu.tdratiquc  correspond  4 l'oplration 

(55)  J_  (St+  bi)(sr+  bt) 

Le  cas  de  la  detection  linluitc  rn  est  vo?sin,  11  a Itl  traitl  par  K.  Franz  1941,  *R.  Bcnnct  1944,  R.H.  de  Lsno  1949. 

Dans  le  catcul,  it  f-uir  tenir  comptc  dc  ce  que  les  deux  fact  ruts  dc  (33)  contieenent  le  memo  bruit.  Effectuon^le  dans  l«e  cas  oil 
Si  est  moduli  en  amplitv.de  par  un  stul  signal  basso  frequence. 
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La  puissance  de  ce  signal  est 

(36)  W * „*i  ( 1 + m*) 
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Par  ailleurs 

(37)  b4 

La  sotnmation  est  6tendue  i la  bande  B du  r6cepteur  d’oi  la  puissance  de  bruit 

(38) 

Calculons  tout  d'abord  bl  bl* 

(39) 


w,  - Ba* 

• 2 


bV  » ii  Z I e 
’ ’ 2 L k 


j 2ji(rt-f^+0i,-ek 


II  difftre  des  calcuis  pr6c6dents  par  le  fait  que  pour  i = It,  c'est-4-dire  k la  frequence  ziio,  la  phase  de  tous  les  termes  616- 
mentaires  est  nulle 

(40)  0't  — 8 *0  pour  L - k 

Ceci  donne  naissance  k une  raie  dont  l'amplitude  est 

I 

b 

alors  que  l'amplitude  des  raies  de  fr6quence  voisine  dans  une  bande  de  fr6quence  6troite  /3  est  donn6e  par 
(42) 


(41) 
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De  m£me  l'idertit6  des  brvits  inter  vient  dans  le  calcul  de  Slbl*  et  de  Sl*bl 
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La  somme  de  ces  deui  produits  peut  s'6crire,  en  remar quant  que  le  signe  de  la  phase  ne  modifie  pas  les  parties  r6rilcs 

» . /*,.  j(iKFil+0i)  (a-4KFifc-0l\  •(a+zuFU  + Bi,) 

(45)  ls1b,;+lsVafR54d€JV  ;+9lZ«i»ieJ^  1 
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A partjr  de  quoi  la  m6thode  pr6c6demment  decrite  conduit  aux  r6partions  spectpales  de  puissance  de  la  figure  6. 

Par  ailleurs  le  produit  S1S1*  donne 

(46) 

Un  filtre  de  largeur  de  bande  j3>  centr6  surfl^p  recueitle 
alors  le  signal  s et  un  bruit  b avec 

(47)  A . 

ou  d'apris  (32) 

(48) 
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et  b,  d6pendant  16girement  de  fl  . 
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Fig.  6 


rr  V b/t 

m = l B = 100  kHz  ft  = 10  Hz 


dans  le  cas  oh  Ci  J «B / (47)  donnc  l^/\  » '0  -1-  a . L ■ 0. 93 

/an  '2  \'hu  1,5  v52 


et  si  ClI  a#  0 / (49)  donnc  /4A  = 10xJ_  1 1,3 

/2H  W*  1,5 


CONCLUSION 

Faisant  suite  h unc  analyse  dcs pertur bations  provoquees  par  1c  bruit  sut  un  signal,  un  exumen  dcs  different*  termes  de  bruit 
obtenus  au  cours  du  trait  ement  effectud  4 1‘intfrieur  du  rfeepteur  a permis  dc  ealculer  lc  rapport  signal  sur  bruit  existant  it  la  sortie 
du  rFcepteur  i l'aidc  d'une  methode  simple  ne  neccssitant  pas  lc  rccours  nux  theories  pr#cises  habitucllcs.  l.es  cxcmples  donnFs 
peuvent  etre  generalises  aux  di  verses  operations  cffeclu6es  au  cours  du  traitement  de  I'inlormation  dans  les  systimes  dc  communication. 
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SUMMARY 


The  purpose  of  this  paper  Is  to  present  the  details  of  an  analysis  technique  and  companion  computer 
program  having  application  In  the  area  of  design  and  analysis  of  electronic  circuits.  Particular  emphasis 
Is  placed  upon  the  application  of  the  program  to  the  modeling  of  nonlinear  distortion  effects  In 
communication  receivers.  The  paper  will  begin  with  a discussion  of  "moderately"  nonlinear  systems  and 
the  treatment  of  such  systems  using  the  nonlinear  transfer  function  approach.  Following  this,  the 
discussion  will  center  upon  application  In  circuit  analysis  as  a potential  tool  In  designing  and  evaluating 
circuits  from  an  electromagnetic  compatibility  point  of  view.  The  final  section  will  present  an  overview 
of  the  computer  program  In  terms  of  some  of  Its  more  salient  features. 

1 . INTRODUCTION 

Although  the  digital  computer  has  played  a key  role  In  the  Electromagnetic  Compatibility  (EMC) 
field  for  many  years  (DOD,  March  1969  ),  the  recent  thrust  for  Incorporating  In  EMC  In  the  early  phases  of 
the  system  acquisition  cycle  (Rand  Report,  R-1114-PR,  May  1973,  An  Electromagnetic  Compatibility  Program 
for  the  1970s)  has  put  a new  and  clear  focus  upon  the  computer.  The  development  of  large  system  modeling 
programs  that  aid  system  planners  and  designers  require  computer  code  that  Is  equipment-design  oriented. 

A necessary  Ingredient  In  the  large  EMC  system  model  Is  the  ability  to  characterize  the  nonlinear  behavior 
of  the  Individual  equipments  that  comprise  the  system.  Consideration  of  all  system  aspects  such  as 
propagation  paths,  coupling  to  cables  and  wire  bundles,  antenna  behavior,  etc.  Is  of  course  required,  but 
will  not  be  treated  here.  The  emphasis.  In  this  paper  will  be  focused  upon  modeling  and  analysis  of 
nonlinear  effects  In  communications  receivers.  The  ability  to  adequately  account  for  the  behavior  of  the 
receivers  In  a large  system  provides  the  system  designers  with  the  Information  needed  to  assign  frequencies, 
guard  band  spacing,  and  determine  filtering  requirement*  among  others.  The  large  majority  of  Interference 
problems  that  manifest  themselves  In  receivers  are  caused  by  nonlinear  behavior  of  the  receivers.  Such 
familiar  Interference  effects  such  as  Intermodulatlon,  desensitization,  gain  compression/expansion,  cross- 
modulation, and  spurious  responses  are  all  nonlinear  effects.  Intermodulatlon  and  cross-modulation.  In 
particular,  can  be  very  significant  problems  In  congested  collocated  equipment  environments. 

A thorough  understanding  of  the  distortion  mechanism  In  nonlinear  circuits  Is  essential  In  order 
to  determine  optimal  systetn  design. 

2.  THE  NONLINEAR  TRANSFER  FUNCTION  APPROACH  TO  CIRCUIT  ANALYSIS 

The  purpose  of  this  section  Is  to  present  the  basic  theory  behind  the  approach  for  characterizing 
electronic  systems  that,  due  to  nonlinear  behavior,  are  susceptible  to  radio  frequency  Interference.  First, 
a brief  introduction  to  the  Volterra-Wlener  analysis  of  nonlinear  networks  Is  presented.  This  material  pro- 
vides the  framework  for  characterizing  the  nonlinear  transfer  functions  of  complex  nonlinear  networks. 

Next,  the  canonic  model  concept  Is  presented  whereby  large  circuits  can  be  represented  In  terms  of  circuit 
Independent  building  blocks  of  known  form  and  circuit  dependent  parameters.  This  representation  allows 
attention  to  be  focused  on  the  various  nonlinear  distortion  products  and  their  relationship  to  the  circuit 
nonlinear  transfer  functions. 

The  basis  of  our  approach  to  modeling  equipments  tnat  exhibit  nonlinear  behavior  1$  known  as  the 
Vol terra,  (Volterra,  1930)  functional  series.  This  series  take*  the  form 


w(t) 


h] (x)x(t-x)dx+ 


h2(Tl  »T2)>*  ( t-x-j  )x(t-X2)dx]dx2+ 


(1) 


This  can  be  written  as 


Mt1  ,T2’*“Tk^t"Tl)*(t~T2) X(t-xk)dx1***dxk  (2) 


Nobert  Wiener  (Wiener,  N.,  1942)  applied  the  Volterra  series  to  the  analysis  of  nonlinear  svstems. 
He  recognized  that  the  Volterra  series  could  be  used  to  relate  the  Input  of  a nonlinear  system,  x(t),  to 


w(t) 
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k-ljj 


the  output,  w(t),  via  the  1*:T  terra  series.  Figure  1 Illustrates  conceptually  a nonlinear  system  In  terms 
of  the  Volterra  series.  In  equation  (2)  hv (ti  .T2,,,*Tk)  Is  called  the  nonlinear  Impulse  response  of  ktn 
order.  The  Fourier  transform  of  the  time  domain  kernel  Is  called  the  order  nonlinear  transfer  function 
and  Is  given  by 
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The  Inverse  Fourier  transfcm  produces 
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Substituting  (4)  Into  (1)  yields 
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Here  the  output  time  function  Is  expressed  In  terms  of  the  Input  frequency  function  x(0-  This  is  Illus- 
trated In  Figure  2. 

Equations  (1)  and  (i)  Imply  that  nonlinear  systems.  In  general,  can  be  characterized  by  the  block 
diagrams  In  Figures  1 and  2.  This  approach  assumes  that  the  response  of  a nonlinear  system  can  be 
represented  as  the  sum  of  N components;  the  first  due  to  the  linear  portion  of  the  system,  the  second  due 
to  the  quadratic  portion  of  the  system,  and  so  on.  Only  N blocks  are  Included  In  the  model  because  it  Is 
assumed  that  higher  order  portions  of  the  system  contribute  negligibly  to  the  output. 

It  can  be  shown  (Bussgang,  J.,  1974)  that  the  nonlinear  transfer  functions,  Hk(/-j  ,f2,. . . ,fk); 
k«l,2-3,...,N,  conpletely  characterize  a nonlinear  system  of  highest  significant  order  N.  Given  the  non- 
linear transfer  functions.  It  Is  possible  to  determine  the  response  to  any  Input. 

Although  equations  (1)  and  (2)  are  valid  for  arbitrary  Inputs,  the  case  for  which  x(t)  Is  a sum  of 
complex  exponentials  is  of  particular  Interest.  Let 
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Substitution  of  equation  (6)  Into  equation  (2)  and  use  of  equation  (3)  results  <n 
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Note  that  Hp(ft  ....f,  ) is  the  nonlinear  transfer  function  associated  with  the  complex  exponential 

cinnil  “L.1.  , frequency  {fj  +f<  +. . ,+f,  ).  (For  the  case  In  which  the  Input  consists  of 

single  complex  exponential  at  frequency  fn  p 
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and  Eq.  (7)  reduces  to 
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Eq.  (7)  demonstrates  that,  when  a nonlinear  system  Is  excised  by  a sunt  of  frequencies  as  In  Eq.  (6),  the 
the  output  contains  new  frequency  coinpononts  in  addition  to  those  at  the  Input  frequence?.  The  set  of 
possible  frequencies  Is  given  by  mjfi  ♦ Hjfz**  • ■*"Vifn  where  the  (bk)  are  Integers  such  that  0<mp<N  and 
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Knowledge  of  the  nonlinear  transfer  functions  Is  sufficient  to  determine  various  frequency 
components  of  the  response. 


The  nonlinear  transfer  functions  can  be  derived  using  conventional  circuit  analysis  techniques. 
Consider  the  transistor  amplifier  of  Figure  3.  Figure  4 Illustrates  the  linear  Incremental  equivalent 
circuit  using  the  convention  T model  for  the  transistor.  Ir,  actuality,  re,  Ce,  Cc.  and  a are  not  linear 
components.  The  base-emitter  resistance  re  Is  a nonlinear  function  of  the  emitter  current  which  Is,  in 
Itself,  a function  of  v2.  In  Figure  S this  nonlinearity  Is  represented  bj  the  current  source  K(v2).  The 
capacitance  Ce  Is  the  parallel  confclnatlon  of  the  diffusion  capacitance  Cq  and  the  space  charge  layer 
capacitance  Cja.  Both  capacitances  are  nonlinear  functions  of  voltage  v2  and  their  behavior  is  summarised 
In  Figure  5 by  the  current  source  ye(v2).  The  varactor  capacitance  Cc  Is  a nonlinear  function  of  the 
voltage  (v3-v2)  and  results  In  the  current  source  Yc(v3-v2).  Finally,  a Is  a nonlinear  function  that  Is 
characterised  by  the  current  generator  g(v2,V3*V|). 


Each  current  generator  represents  an  analytical  expression  velatlng  the  current  In  the  generator 
to  the  appropriate  node  -to -datum  voltages.  The  first  step  Is  to  use  Klrchoff's  current  law  to  write  a set 
of  nodal  equations  at  nodes  1,  2,  and  3.  Placing  the  Taylor  series  linear  terms  on  the  left  side  of  the 
equation  results  In  the  matrix  equation. 


Vl(t) 

p(p) 

V2(t) 

v3(t) 

second  and 
higher  order 
terms  from 
each  Taylor  series 


(10) 


where  p denotes  the  operator  jL  and  P(p)  is  the  admittance  matrix  of  the  linearized  network  In  Figure  4. 
(Recall  that  the  linear  equivalent  circuit  of  Figure  4 Is  simply  a model  which  contains  only  the  linear 
terms  from  the  Taylor  series  of  each  of  the  transistor  nonl  Inearl  ties. ) Note  that  the  second  and  higher 
order  terms  from  each  laylor  series  are  functions  of  the  nodal  voltages  Vi.v?.  end  v,.  They  appear  on  the 
right  side  of  Eq.  (10),  as  equivalent  current  sources. 


The  next  step  Is  to  assume  x(t)  1$  a sum  of  conplex  exponentials  as  given  by  Eq.  (f). 
voltages  can  then  be  expressed  In  the  form  of  Eq.  (7)  where,  for  convenience,  let  Apff^.f^,. 
Bp(fi  ,fl2 f<p)  and  Cpif^,^,...,^  ) be  the  nonlinear  transfer  functions  1 *■ 


The  nodal 

• •f1p). 


associated  with  the  nodal  voltages  v^.v?,  and  V3,  respectively.  The  fourth  step  Is  to  substitute  the  non 
linear  transfer  function  series  for  each  nodal  voltage  into  Eq.  (10)  and  equate  terms  of  Identical 
frequencies  on  both  sides  of  the  equation.  Equating  terms  at  frequency  fj  results  In  the  matrix  equation 
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The  first  order  transfer  functions  are,  therefore,  given  by 
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Similarly,  equating  terms  at  frequency  (fj+fg)  results  In  the  matrix  equation 
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■2a 

ja*(fi*fg)t 

P(Vfg) 

B2<Vfg> 

e ■ »» 

C2(fl.fg) 

*2c 

It  can  be  shown  that  I24,  I^,.  end  I2c  ere  quadratic  functions  of  the  linear  transfer  functions  Aj(ff), 
Ai(fg).  B-j ( ) . B](fg),  C1(f1),  Cj(fg)  and  the  frequency  (ffttg).  Since  the  linear  transfer  functions  are 

known  by  virtue  of  Eq.  (12),  Eq.  (13)  Is  completely  specified.  Thus,  the  second  order  transfer  functions 
are  given  by 


(14) 
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Similar  solutions  are  obtained  for  the  higher-order  transfer  functions.  In  particular. 
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where  It  can  ba  shown  that  Ipa»  *n<l  ' c depend  only  on  tha  transfar  functions  of  orders  1 through 
(p«l).  Thus,  by  starting  with  tha  linear  transfer  functions  and  by  successively  determining  higher  order 
ones.  It  Is  possible  to  obtain  transfer  functions  of  any  order.  The  Important  point  to  note  1$  that,  for 
any  order,  the  solution  always  Involves  Inverting  only  the  admittance  matrix  of  the  linearized  network. 
The  second  and  higher  order  nonl Inearl  ties  appear  as  equivalent  current  sources  driving  the  linearized 
network.  Although  the  above  discussion  has  been  In  terms  of  the  circuit  of  Figure  5,  the  procedure  Is 
quite  general  and  can  be  applied  to  any  network  for  which  the  non linearities  can  be  expressed  as  a Taylor 
series  of  the  nodal  voltages. 


2.1  Nonlinear  Canonic  Models 


Having  determined  the  nonlinear  transfer  functions,  the  output  waveforms  for  arbitrary  Inputs  can 
be  obtained  by  means  of  Eq.  (5).  This  Is  a difficult  procedure  because  the  pin.  term  of  Eq.  (5)  Involves 
a p-fold  Integration.  The  Input-output  representation  can  be  slnpllfled  considerably  by  taking  advantage 
of  certain  properties  of  the  input  signals  and  system  characteristics.  Models  resulting  from  such 
s1^>11cat1ons  are  referred  to  as  canonic  models. 


The  simplest  canonic  model  Is  termed  the  frequence  power  series  model.  It  Is  applicable  when  tne 
Input  consists  of  a narrow-band  desired  signal  and  narrowband  Interfering  signals  all  of  which  have  band- 
widths  that  are  small  compared  to  that  of  the  pass  band  of  the  system.  Such  signals  aro  conveniently 
characterized  In  terms  of  their  complex  envelopes.  Thus,  the  amplitude  and  phase  modulated  slqnal 

x(t)  • r(t)  cos[2wft  ♦ 8(t)]  (16) 

Is  denoted  by 

x(t)  - Re(z(t)  eJ2l,ft)  (17) 

where 

z(t)  • r(t)eJ8(4)  (18) 

Is  the  complex  envelope  and  re{  > means  "real  part  of".  The  magnitude  of  z(t)  Is  the  amplitude  modulation 
of  x(t)  vdille  the  angle  of  z(t)  Is  the  phase  mouldatlon  of  x(t).  The  frequency  power  series  model  results 
by  expanding  the  nonlinear  transfer  functions  In  a power  series  about  the  center  frequencies  of  the  Input 
signals. 


For  example,  assume  the  Input  Is  given  by 

x ( t ) - Re  (S1(t)eJ2wflt  I2( t)eJ2wf2t  ♦I3(t)eJ2lTf3t} 


(19) 


S,(t)  Is  the  complex  envelope  of  the  desired  signal  at  frequency  f1  and  I-(t)  and  I,(t)  are,  respectively, 
the  complex  envelopes  of  the  two  Interfering  signals  at  frequencies  f 2 and  fv.  For  simplicity  assume  that 
the  only  significant  Interference  components  occur  at  the  frequencies  fj , fj,  fj,  (2 fj-fa)  and  Ufv-f*). 
Using  the  leading  terms  of  the  frequency  power  series  model , the  output  can  be  shown  to  be 


w(t)  » Re{H](fi)Si(t)  [1  + y — 

♦H^fj)  ^(tje^t  + H, (f3)I3ft)cJ2wf34; 

♦ J H3(f2.f2,-f,)  l\il)  lJ(t)«J2ir(*^"f3>t 
+ }H3(-f2.f3,f3)I*(t)l|(t)eJ2ll(2f3'f2)t  > 


(20) 


The  response  Is  seen  to  coafclne  the  nonlinear  transfer  functions  of  the  frequency  domain  with  the  complex 
envelopes  of  the  Individual  signals  In  the  time  domain.  Eq.  (20)  Is  valid  for  all  signal  modulations  as  X 
long  as  the  signal  bandwidth*  are  small  compared  to  that  of  the  pass  band  of  the  system.  Focus  attention  o< 
on  the  response  at  fj  . The  term  Involving  IS^  ( t) j z Is  the  signal  compression  term  while  the  terms  Involving 
ll«(t)|2  and  ]U(tM  2 are  crossmodulatlon  terms.  Together  they  may  confine  to  produce  desensltlzatlon  of 
the  system.  Depending  upon  the  pass  band  of  the  system  the  responses  at  f»  and  fv  may  contribute  to  co- 
channel or  adjacent  channel  Interference.  Finally,  the  responses  at  Ufa-fv)  and  ^fv-fa)  represent 
third-order  Intermodulatlon  distortion  components.  Note  that  the  response  in  Cq.(20)  Is  obtained  without 
the  naed  for  Integration.  The  feature  Is  characteristic  of  each  of  the  canonic  models. 

Additional  canonic  models  that  have  been  derived  are  called  the  Input  bandwidth  constraint  and 
finite  memory  models.  The  Input  bandwidth  constraint  model  Is  applicable  to  the  case  of  bandllmlted  Input 
signals  and  Involves  the  use  of  tapped  delay  lines  with  taps  spaced  at  the  reciprocal  of  the  bandwidth*  of 
the  Input  signals.  Appropriate  sets  of  tap  outputs  are  multiplied  together  and  added  after  appropriate 
weighting  to  form  the  output.  The  finite  memory  model  has  the  same  basic  structure  but  now  the  tapped 
delay  line  is  replaced  by  a bank  of  parallel  band  pass  filters,  with  each  filter  replacing  a slnole  delay 
unit.  This  model  Is  based  upon  the  assuxptlon  of  the  system  having  finite  memory.  This  implies  tnat  the 
pth  order  Impulse  responses  are  time  limited. 

The  canonic  models  Involve  operations  that  are  particularly  well  suited  for  the  computer. 
Consequently,  they  are  much  easier  to  use  than  Is  the  relation  In  equation  (5). 

In  the  next  section  we  discuss  how  to  determine  the  nonlinear  transfer  functions  from  the  circuit 
diagram  of  a system  and  consider  an  example  which  emphasizes  the  potential  of  the  nonlinear  transfer 
function  approach  as  a tool  In  circuit  design. 

3.  DETERMINATION  OF  NONLINEAR  TRANSFER  FUNCTIONS  FROM  CIRCUIT  DIAGRAMS 

This  paper  considers  nonlinear  systems  containing  one  or  wore  soft  nonl inearl  ties.  Soft  non- 
linearities  have  the  property  that  their  behavior  Is  adequately  described  by  the  leading  terms  of  a power 
series  expansion.  Let  v(t)  represent  the  voltage  across  a nonlinear  element  while  1(t)  represents  the 
current  flowing  through  It.  It  can  be  shown  that  the  terminal  relationships  for  nonlinear  resistors, 
conductors,  capacitors,  and  Inductors  are  given  by  (Graham,  1973): 


Nonlinear  Resisted:  v(t)  « E rn1n(t) 

n*l 


N 

1(t)  « Z gnvn(t)  (21) 

n»l 

1(t)  - ! C^V^t)] 


Nonlinear  Inductor:  v(t)  ■ Z *n:rc{1n{t)] 

n-1  dt 


Nonlinear  Conductor: 
Nonlinear  capacitor: 


Note  that  the  first  term  In  each  expression  yields  the  familiar  linear  relationship.  Since  the  expressions 
for  nonlinear  capacitors  and  Inductors  Involve  time  derivatives,  these  elements  contain  memory.  Nonlinear 
resistors  and  conductors,  on  the  other  hand,  do  not.  Another  group  of  nonlinear  elements  arising  In  the 
circuit  diagrams  consists  of  the  various  types  of  nonlinear  controlled  sources  that  may  occur  In  the  circuit 
models  of  active  devices.  As  an  example,  a softly  nonlinear  voltage-controlled  voltage  source  has  a terminal 
relationship  of  the  form 


N n 

v(t)  - Z unujltt)  (22) 

n»l 

where  uc(t)  represents  the  control  voltage.  Recall  that  the  voltage  across  the  source  terminals  depends 
only  upon  th*  control  voltage  and  Is  Independent  of  the  current  flowing  through  the  source,  similar 
relationships  to  Eq.  (22)  exist  for  nonlinear  voltage-controlled  current  sources,  current-controlled  voltage 
sources,  and  current-controlled  current  sources. 

Given  the  circuit  diagram  of  a moderately  nonlinear  system,  the  nonlinear  transfer  functions  are 
obtained  In  a straightforward  manner.  Although  the  techniques  are  readily  generalized,  we  choose  to  present 
the  key  elements  of  the  procedure  by  working  out  the  solutions  to  a relatively  sliiple  problem.' 

As  an  example,  consider  the  single  loop  network  of  Fig.  6 consisting  of  a linear  Inductor  and  non- 
linear resistor  In  series  with  an  Independent  voltage  source.  The  voltaqe-current  relationship  for  the 
nonlinear  resistor  Is  assumed  to  be 


eR(t)  - rjl(t)  +ra12(t) 


(23) 


Our  objective  Is  to  determine  the  loop  current  1(t).  Once  this  Is  known,  the  remaining  voltages 
In  the  circuit  can  be  easily  calculated.  Application  of  Klrckhoff's  voltage  law  yields  the  differential 


equation 


•#(t)  - e^t)  ♦ ep(  t)  - L ^J+rjIft)  ♦ r212(t)  (24) 

Bearranqamant  of  Eq.  (24)  such  that  only  tarns  linear  In  1(t)  appear  on  one  side  of  the  equation  results 
In 


L " •,(*)  * »“212(t) 


(25) 


Eq.  (25)  can  be  Interpreted  In  terns  of  the  network  shown  in  Fig.  7.  Observe  that  the  nonlinear  resistor 
has  been  replaced  by  a linear  resistor  n In  series  with  a current-controlled  voltage  source.  The  nonlinear 
portion  of  the  resistor  can  now  be  viewed  as  a controlled  source  In  series  with  the  Independent  source 
driving  the  linearized  network  which  Is  composed  of  the  linear  Inductor  l In  series  with  the  linear 
resistor  rj. 

The  nonlinear  transfer  functions  are  determined  successively  by  selecting  as  the  excitation  a 
sequence  of  complex  exponentials  which  are  used  to  "probe*  the  circuit.  Specifically,  the  excitation  used 
to  solve  for  the  n^-ordar  transfer  function  Is  given  by 


e It?  - z e^1 
* q*l 


(26) 


where  the  Input  frequencies  are  chosen  to  be  positive  and  Incommensurable  so  as  to  Insure  that  all  output 
frequencies  are  distinct.  Because  negative  frequencies  are  not  allowed  In  Eq.  (26),  the  terms  cannot  be 
grouped  In  conjugate  pairs.  As  a result,  e«(t)  does  not  correspond  to  a physically  realizable  signal. 
Nevertheless,  It  Is  a useful  signal  for  analytically  determining  the  nonlinear  transfer  functions.  It 
follows  from  Eq.  (7)  that  the  n^-order  portion  of  the  current  can  be  expressed  as 

1n(t)  - " ...  " ....  fqn)eJ2"(f4l  + -..*f<!n)t  (27) 

qi-1  Bn"1 

the  total  current  Is  given  by 


1(t)  - 1-C  + 12(t)  ♦ ...  ♦ 1N(t)  (28) 

where  N denotes  the  highest  order  portion  of  the  response  that  contributes  significantly  to  the  total  output. 
In  general,  N cannot  be  determined  In  a particular  problem  until  the  nonlinear  transfer  functions  and 
actual  Input  levels  are  known. 

To  evaluate  the  first-order  transfer  function,  we  begin  with 


es(t)  - eJ2irflt  (29) 

From  Eq.  (27)  and  Eq.  (28)  the  total  current  becomes 


1 (t)  ■ H1(f1)eJ2wf-t  + H2(f1,f1)eJ2w(2f^t  + 


+ HN(fi,---.fL)eJ2lT(Nfl)t 


"hr* 

N times 


(30) 


As  expected,  when  the  Input  to  a nonlinear  system  consists  of  a single  frequency,  the  output  frequencies  are 
given  by  the  various  harmonics  of  the  Input  frequency.  Substitution  of  Eq.  (29)  and  (30)  Irto  (25)  results 
In 

J2wf1LH1(f1)eJ2,flt  + j2w(2f])  L H2(f1,f1)eJ2w(2fl)t  + 

J2ir(3f1)  L H3(f),f1,f1)eJ*t<3fl)t  + ...  ♦ r1H1(f1)e32,flt  + (31) 


r1^2^1*^l  )eJ2w^2^l  + r'|H3(f^,f],fi)e^2*^^l^t  + ... 

•eJ2nf1t  - r^H^f,  )]2eJ2fl(2fl)t  . 2r2H,(f1)H2(f1,f1)eJ2n(3fl)t  - ... 

where,  for  simplicity,  only  terms  up  to  third  order  appear  explicitly  In  Eq.  (31).  Exponentials  have  the 
property  that  they  are  linearly  Independent.  Consequently,  an  exponential  with  a specified  exponent  cannot 
be  obtained  by  adding  together  exponentials  with  differing  exponents.  Since  Eq,  (31)  must  be  satisfied  for 
all  t and  for  all  values  of  fj,  terms  Involving  specific  harmonics  can  be  equated.  For  example,  equating 


terms  Involving  the  first  harmonic  at  frequency  fj,  dividing  through  by  exp  (j2wfjt),  and  solving  for  the 
first-order  transfer  function  yields 

Hl(fl>  “ r^l  'W0^1  (32) 

where  Z(f  ) and  y(f  ) are  the  Impedance  and  admittance,  respectively,  of  the  linearized  network  In  Fig.  7. 
This  Is  a reasonable  result  since  we  would  expect  the  first-order  portion  of  the  current  to  be  related  to 
the  voltage  excitation  by  the  admittance  of  the  linearized  atwork. 

Eq.  (31)  can  also  be  used  to  solve  for  the  hlghe,  c.der  transfer  functions.  Thus,  equating  terms 
Involving  the  second  harmonic  at  frequency  2f| , dividing  through  by  exp  [j2Tr(2f|)t],  and  solving  for  the 
second-order  transfer  function  yields 

rJH.(f.)]2 

H2(f1.f1)  - - ri+-j2?(2?j-)l-  - 2^1^  y(2fl> 
similarly,  the  third-order  transfer  function  Is  given  by 

2r?  Ho(fi.fi)  ? i 

h3  (fi»fi»fi)  * - r]  + jafTW^'i 2r2  y(2fi)y(3f])  (34) 

The  expressions  given  In  Eq.  (33)  and  (34)  are  unnecessarily  restrictive.  Since  all  of  the 
arguments  in  the  second  and  third-order  transfer  functions  are  evaluated  at  the  single  frequency  f,,  they 
are  useful  only  for  relating  the  second  and  third  harmonics,  respectively,  to  the  Input  at  fi . Should  the 
network  te  excited  by  an  Input  containing  tones  at  fj  and  f2,  where  fi^fj,  the  transfer  functions  as  given 
by  Eq.  (33)  and  (34)  could  not  be  used  to  evaluate  responses  at  such  frequencies  as  f-)  +f2  and  2f]  ff2. 

This  difficulty  Is  removed  when  the  niJl-order  transfer  function  Is  determined  using  the  excitation  specified 
by  Eo  (26).  We  Illustrate  this  point  by  now  solving  for  Hgtfi ,f2)  and  H3(fl »f2»*s) > 

To  obtain  the  second-order  transfer  function,  we  let  the  excitation  be  / 


es(t)  - +ej2irf2t 


(35) 


where  f]  and  f2  are  assumed  to  be  positive  incommensurable  frequencies.  From  Eq.  (27)  and  (28)  the  total 
current  Is  now  given  by 


2 2 2 

1 (t)  -=  Z MfqJe^fqit  + z E Mfq,  ,fqP)ej2it(fq1+fq2)t 

q-i*i  qi=i  q2*i 

2 2 

+ ...  + 1 ...  Z HN(fqi fqN)ej2*(fV---+':Vt 

qi*l  qN=l 


(36) 


We  see  that  the  output  frequencies  are  those  obtained  by  taking  all  possible  combinations  of  the  two  Input 
frequencies  from  one  at  a time  all  the  way  up  to  N at  a time.  Substitution  of  Eq.  (33  and  (36)  Into  the 
network  differential  equation  given  by  Eq.  (25)  yields 


Z j2irfqiL  Hi  (fq-|  )eJ2’Tfqi  t + r E j2^(fq1+fq2)L  H2(fq}  ,fq2)eJ2ir(fqi+fq2)t  + ... 

q]=l  qi*l  q2=l 

2 2 2 

...  + H Z H1(fq1)ej27Tfqlt  + r]  Z Z H2(fq1  ,fq2)eJ2lr(fql+fq2)t  (37) 

qi=I  qi-l  q2=l 

+ ...  - e^l*  + ej2lrf2t-r2  Z Z Ht  (fQl )«!  <fq2)eJ2TI<fc>l+ft»2> 4 .... 

qi*i  q2-i 


where,  for  simplicity,  only  terms  up  to  second-order  are  Indicated  In  detail.  To  solve  for  H2(fl,f2)  It  Is 
merely  necessary  to  focus  attention  on  those  terms  Involving  the  sum  frequency  (fi+f2).  These  are  contained 
In  the  double  summations  of  Eq.  (37).  Since  H2(fi,f2),  Hq (t-| )H^ (f2) , and  (fi+f?)  are  all  symmetrical  In 
their  argument-,  they  are  not  altered  by  Interchanging  the  frequencies  f-j  ana  f2.  Thus,  each  double 
summation  contains  2 Identical  terms  of  sum  frequency  (f^+f2).  Equating  all  of  the  terms  Involving  this 
frequency  on  both  side  of  the  equatlor,  le  get 


2 [r1+j2m(f1+f2)  L]  H?(f1  ,f2)eJ2lr(fl+f2)t  - - 2^ JH, (f2)ej2T'(fl+f2)t 


(38) 


Solution  for  H2(f^,f2)  results  In 


H2(fi.f2)  ■ -r2  H-j (fi )H-| (fg)  y(f]+f2)  ■ -r2y(f])  y(f2)y(fi+f2) 


(39) 


where  [H-j (f-j ) H2^2*f3)3p  Is  defined  to  be 

CM-j  (f-| ) H2(f2,f3)]p  - J [H1(f1)H2(f2.f3)  + H-j ( f 1 ) H2(f3,f2) 

+ H1(f2;H2(f1,f3)  + H^fg)  H2(f1,f1)  + H^fg)  H2(f1,f2)  + H,(f3)  H2(f2,/1  )3 


Note  that  [Hi(fi)  H2(f2»f3)3n  corresponds  to  an  average  over  all  possible  permutations  of  the  arguments  In 
Hi(fi)  H2(f2.f3).  Finally,  substitution  for  H-j (f 3 ) and  H2(f2.f3)  from  Eq.  (32)  and  (39),  respectively, 
yields 

h3  ( f i .^2*^3)  * 2r2  [y(^i  )y(f2)y(^)y(f2+f3)]  y(fi+^2+^3)  (46) 

p 


As  with  H?(f 1 ,T2) • the  third-order  nonlinear  transfer  function  depends  critically  on  the  admittance  of  the 
linearized  network.  Also,  even  though  we  assumed  the  Input  frequencies  to  be  positive  and  Inconmensurable, 
It  can  be  shown  that  Eq.  (46)  Is  applicable  for  all  frequencies  both  positive  and  negative.  Mote,  for 
example,  that  Eq.  (46)  reduces  to  (34)  when  Vf2'f3* 

The  expression  for  the  third-order  transfer  function  gives  Insight  Into  a possible  design  pro- 
cedure for  minimizing  undesired  Intermodulation  components.  The  most  bothersome  of  these  are  usually 
produced  by  third-order  mixes  of  the  type  (f?+fa-fb).  To  obtain  an  appreciation  for  this,  consider  a 
superheterodyne  receiver  excited  by  two  sinusoidal  adjacent  channel  Interferes  at  frequencies  fa  and  fb 
where  fa  > fb.  Including  positive  and  negative  frequencies,  the  Input  spectrum  consists  of  spectral 
lines  at  -fa,  -fb,  fat  fb-  When  the  two  Interferes  combine  nonllnearly  In  the  RF  amplifier  to  produce  a 
response  at  Zfa-fb  near  the  receiver's  tuned  frequency,  severe  Interference  may  result  because  the  original 
signals  fall  Inside  the  RF  passband  while  the  Intermodulation  component  falls  Inside  the  IF  passband. 
Consequently,  the  third-order  mix  corresponding  to  (fa+fa-fb)  is  likely  to  be  extremely  troublesome.  In 
terms  of  transfer  functions,  the  magnitude  of  the  Intermodulation  component  Is  proportional  to  |H3  (fa, fa, 

— fb) 1 - Although  the  circuit  In  Fig.  6 Is  not  one  that  would  appear  In  a comsuni cations  receiver,  we  now 
examine  the  expression  In  Eq.  (44)  to  gain  Insight  as  to  how  the  magnitude  of  the  third-order  transfer 
Function  might  be  effectively  minimized. 

From  Eq.  (44),  (45),  (32),  and  (39) 

H3<Vfa*-V  = ! «"|[y(fa)]2y(-fb)[y(Vfb)  = 2y(fa-fb)]  y(2fa-fb).  (47) 


we  see  that  | Ho ( f a , fa,  -fb)|  can  be  minimized  by  minimizing  the  magnitudes  of  any  or  all  of  the  factors 
In  Eq.  (47).  However,  for  the  Interference  situation  discussed  in  the  previous  paragraph,  the  frequencies 
f,,  -fb,  and  2fa-fb  are  frequencies  comparatively  close  to  the  desired  frequency.  As  a result,  it  Is 
difficult  to  modify  y(fa),  y(-fb),  and  y(2fa-fb)  without  also  modifying  the  desired  passband.  On  the 
other  hand,  fa+fb  corresponds  to  a frequency  which  Is  approximately  twice  the  desired  frequency  while 
fa-fb  corresponds  to  a relatively  low  frequency.  Therefore,  the  linear  admittance  can  be  modified  In  the 
regions  about  fa+fb  and  fa-fb  without  altering  the  admittance  In  the  vicinity  of  the  desired  frequency. 

We  conclude  that  the  most  effective  design  procedure  for  minimizing  |H3(fa,fa,-fb) | is  to  minimize 
|y(fa+fb)  + 2y(fa-fb)|.  This  is  really  a remarkable  result  because  It  suggests  that  third-order  responses 
occurring  Inside  or  near  a desired  frequency  band  can  be  controlled  by  proper  design  of  the  linear 
frequency  response  well  outside  of  this  band.  Although  the  network  studied  In  Fig.  6 does  not  represent 
a practical  network,  It  can  be  shown  that  the  design  principle  mentioned  above  can  be  extended  to  circuits 
typically  appearing  In  electronic  equipments. 

Having  derived  the  first  three  transfer  functions,  the  general  nature  of  the  analysis  procedure 
Is  now  apparent.  Higher  order  nonlln®**'  transfer  functions  are  derived  in  a similar  manner.  In  general, 
determination  of  the  (n+1  )^2-order  nonn.-ar  transfer  function  requires  knowledge  of  the  first  through  n 
order  nonlinear  transfer  functions,  Therefore,  the  procedure  Is  a boot  strap  technique  by  which  the  lower 
order  transfer  functions  are  used  to  determine  higher  order  transfer  functions. 

The  method  discussed  In  this  section  made  use  of  a loop  analysis.  An  example  utilizing  nodal 
analysis  could  just  as  well  have  been  presented.  Both  analysis  methods  are  easily  generalized.  In  fact,  a 
computer  program  Implemented  at  the  Rome  Air  Development  Center  uses  the  nodal  analysis  approach.  This 
program  Is  described  In  the  next  section. 

4.  A COMPUTER  PROGRAM  FOR  NONLINEAR  CIRCUIT  ANALYSIS 

A computer  program  (Graham,  1973)  which  Incorporates  the  circuit  analysis  techniques  described  In 
Section  3 has  been  developed  for  the  United  States  Air  Force  Rome  Air  Development  Center.  The  program 
solves  for  the  nonlinear  transfer  functions  of  an  arbitrary  circuit  containing  resistors,  Inductors, 
capacitors,  transistors,  vacuum  tubes,  and  diodes.  The  present  software  can  analyze  up  to  50  nodes  directly. 
The  output  of  the  program  Is  the  nonlinear  transfer  functions,  up  to  the  desired  order,  at  all  nodes  In  the 
network. 


Structurally,  the  computer  program  solves  the  nonlinear  network  problem  by  forming  both  the  nodal 
admittance  matrix  for  the  entire  network,  and  the  first  order  generator  (current  source)  excitation  vector, 
for  all  of  the  linear  sources  In  the  network.  The  generators  can  be  located  at  any  node  in  the  network,  and 
can  have  any  desired  frequency,  amplitude,  and  phase.  The  usual  procedure  of  premultiplying  the  generator 
vector  by  the  InverseY  matrix  results  In  the  first  order  nodal  voltage  vector  for  the  network,  the  elements 
of  which  are  the  first  order  transfer  functions  at  all  nodes  In  the  network  at  the  given  excitation 
frequency.  When  there  Is  more  than  one  generator  at  a given  frequency,  the  first  order  (linear)  transfer 
function  will  be  the  total  trs-.sfsr  function  due  to  the  superposition  of  the  generators.  The  higher  order 
transfer  functions  are  solved  iteratively  as  described  In  Section  2 and  Illustrated  by  example  In  Section  4. 


9-JO 


The  nonlinear  transfer  function  analysis  performed  by  the  computer  program  requires  the  user  to 
specify  the  circuit  to  be  analyzed  and  the  order  of  and  frequencies  at  which  the  nonlinear  analysis  will 
be  performed.  The  program  recognizes  the  following  circuit  elements:  resistors,  capacitors.  Inductors, 
bipolar  junction  transistors,  semiconductor  diodes,  vacuum  diodes,  vacuum  trlodes,  vacuum  pentodes,  field 
effect  transistors,  and  voltage  sources.  The  program  can  analyze  ary  circuit  race  up  of  interconnections 
o?  the»e  elements.  T:.c  computer  program  has  been  used  to  model  a VHF  solid  state  receiver  and  an  Hr 
vacuum  tube  receiver  (Graham,  Ehrman,  1973)  with  excellent  results.  It  provides  a systematic  means  of 
modeling  the  nonlinear  behavior  of  electronic  circuits  and  can  be  very  useful  In  the  area  of  design  and 
evaluation  of  EMC  effects. 
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DISCUSSION 

R.  OLESCH:  What  limits  the  nonlinear  transfer  function  approach  to  "moderately”  non- 

linear systems? 

J.  F.  SPINA:  This  approach  formulates  the  response  in  terms  of  a series  representation. 

The  more  severe  the  nonlinearity,  the  more  terms  that  are  needed  to  adequately  approxi- 
mate the  response.  We  have  found  this  method  of  analysis  to  be  most  useful  in  circuits 
that  are  designed  to  be  linear  but  nevertheless  suffer  from  nonlinear  behavior.  In  such 
situations,  the  nonlinearities  are  moderate  and  the  response  is  nicely  approximated  by 
a small  number  of  te-ms.  In  theory,  the  approach  could  be  applied  to  circuits  con- 
taining "hard"  nonlinearities  such  as  a limiter;  however,  now  a very  large  number  of 
terms  are  needed  making  this  approach  impractical. 

R.  OLESCII:  Can  you  give  a more  intuitive  explanation  as  to  how  interference  effectB 

inside  a frequency  of  interest  can  be  reduced  by  controlling  the  network  admittance 
far  outside  of  this  band? 

, V 

J.  F.  SPINA:  In  general,  it  is  difficult  to  give  an  intuitive  explanation  for  this 

effect;  however,  specific  examples  do  lend  themselves  to  intuitive  explanations. 
Consider,  for  example,  the  third-order  system  shown  below: 


The  third-order  nonlinearity  arises  from  multiplication  of  the  linear  branch  by  the 
second-order  branch.  The  input  consists  of  two  tones  at  frequencies  fa  and  fb- 
Assume  that  filter  B is  sharply  tuned  at  2fa-fb  so  that  only  the  output  at  frequency 
2fa-fb  is  of  interest.  The  second-order  branch  contains  frequency  components  at 
fa+fb,  2fa,  and  2fb»  all  of  which  are  far  removed  from  the  desired  output  at  2fa-fb- 
Nevertheless,  intuitively  it  is  easy  to  see  that  the  output  at  2fa-fb  can  be  signifi- 
cantly reduced  by  designing  filter  A so  as  to  suppress  the  signals  in  the  second-order 
branch  at  2fa,  2fb»  and  fa+fb. 

R.  OLESCH:  Are  your  analysis  programs  available? 

J.  F.  SPINA:  Although  no  formal  mechanism  exists  at  the  present  time  for  distribution 

of  the  analysis  program,  qualified  organizations  can  request  these  programs  from  RADC 
and  every  attempt  will  be  made  to  satisfy  each  such  request. 

F.  J.  CHESTERMAN:  You  mentioned  that  you  had  discussed  selection  of  front-end  tran- 

sistors for  receivers  with  receiver  designers.  Have  you  considered  or  looked  at  other 
nonlinear  devices  in  systems , particularly  in  the  high-power  output  portion  of  systems? 

J.  F.  SPINA:  Our  work  to  date  has  concentrated  only  on  devices  such  as  transistors 

and  vacuum  tubes  and  their  nonlinear  characterization.  For  example,  we  have  not  ex- 
amined the  so-called  "rusty-bolt"  problem,  i.e.,  nonlinear  interaction  due  to  oxidized 
metal  in  contact  with  unoxidized  metal. 

S.  BURTON:  It  is  clear  that  an  experimental  program  would  be  very  worthwhile  to  give 

physical  insight  into  mathematical  results.  Do  you  have  a fundamental  experiment 

in  mind? 

J.  F.  SPINA:  Not  yet,  but  we  hope  to  have  within  six  months. 
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COMPARATIVE  ANALYSIS  OF  MICROWAVE  LANDING  SYSTEMS 
WITH  REGARD  TO  THEIR  SENSITIVITY  TO  COHERENT  INTERFERENCE 
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SUMMARY 


Several  organizations  are  at  present  trying  to  select  the  post-1980  landing  system. 
Different  Operational  Requirements  (OR)  have  been  established  and  the  performances  of 
candidate  systems  are  compared  with  these  OR. 

An  important  part  of  the  OR  concerr*  accuracy . A very  crucial  factor  in  this  respect 
is  the  influence  of  coherent  interference  (multipath).  While  the  absolute  accuracy  of  a 
system  may  be  difficult  to  assess,  a very  informative  comparison  between  system?  can  be 
made  with  regard  to  their  sensivity  to  coherent  interference. 

ELAB  has  carried  out  such  comparisons  in  a study  for  NATO  Industrial  Advisory  Group 
(NIAG) . Proposed  landing  systems  were  computer  simulated  to  examine  their  behaviour  in 
a realistic  multipath  environment.  Models  of  airfields  were  elaborated  and  the  reflected 
and  direct  signal  components  were  used  as  inputs  to  mathematical  models  of  the  receiving 
systems  to  compute  the  resulting  position  errors. 

This  study  showed  that  it  would  be  possible  to  use  groups  of  synthetic  interference 
components  for  the  same  purpose.  By  carefully  choosing  the  distribution  of  the  coherent 
interference,  the  significance  of  the  comparison  can  be  improved  and  the  amount  of  work 
reduced. 

1.  INTRODUCTION 

At  present,  NATO  among  other  national  and  international  organizations  is  occupied 
by  the  problem  of  selecting  the  future  international  landing  system  which  is  to  be  opera- 
tive in  the  post-1980  period.  There  is  a lot  of  confusion  as  to  what  criteria  should  be 
used  in  this  selection.  Not  only  are  there  doubts  whether  the  Operational  Requirements 
(OR)  on  which  the  system  development  is  based  are  relevant  in  every  detail,  but  there  is 
also  some  discord  and  uncertainty  with  respect  to  the  interpretation  of  the  OR.  This 
makes  it  difficult  to  reach  agreements  on  the  selection  (or  rejection)  of  systems  in  an 
international  forum  all  the  more  as  commercial  and  political  realities  must  be  considered. 

The  OR  only  contain  criteria  for  the  rejection  of  systems  the  performances  of 
which  do  not  meet  the  requirements.  Even  if  the  requirements  and  the  way  of  performance 
testing  can  be  agreed  upon,  the  problem  of  selectinp  the  "best"  system  remains  unsolved. 

One  of  the  most  important  parts  of  the  OR  concerns  accuracy.  In  this  respect,  the 
influence  of  coherent  interference  is  very  decisive.  It  may  be  difficult  to  determine 
the  absolute  accuracy  of  a microwave  landing  system  in  every  case,  but  many  people  agree 
that  the  most  pertinent  technical  comparison  between  systems  can  be  made  with  regard  to 
their  sensitivity  to  coherent  interference. 

In  1971,  a specially  organized  subgroup  of  N/$TO  Industrial  Advisory  Group  (NIAG) 
invited  interested  industri*>s  to  submit  proposals  for  a new  landing  system  in  accordance 
with  the  OR  worked  out  by  the  group.  For  the  assessment  of  the  qualities  of  submitted 


proposals,  NIAG  turned  to  the  Electronics  Research  Laboratory  of  Trondheim 
Norway,  (ELAB)  to  get  a technical  evaluation.  According  to  the  aforementioned  principles 
of  comparison,  the  main  part  of  the  evaluation  study  was  devoted  to  an  examination  o.: 
the  sensitivities  of  the  systems  to  coherent  interference.  The  other  parts  of  the  study 
concerned  the  sensitivities  to  non-coherent  interference  (interference  from  other  signal 
sources)  and  the  utilization  of  the  available  frequency  spectrum.* 

2.  PRINCIPLES  OF  THE  EVALUATION  OF  THE  SENSITIVITIES  TO  COHERENT  INTERFERENCE 

2.1.  General. 

Three  model  airfields  were  specified  to  ELAB  at  which  the  performances  of  the 
proposed  systems  were  to  be  studied.  Computer  models  of  the  reflection  properties  of 
these  airfields  were  developed  with  regard  to  the  terrain,  the  positions  of  buildings 
and  aircraft  and  the  antenna  sitings.  The  resulting  signals  in  space  were  used  as  nputs 
to  mathematical  models  of  the  receivers  for  computation  of  position  errors  on  a number  of 
flight  path*. 

2.2.  Airfield  modelling. 

The  three  airfields  utilized  for  evaluation  of  system  performance  were:  a fictive 

main  airport  with  two  parallel  concrete  runways,  a real  small  airfield  with  a gravel 
runway  in  mountainous  surroundings  and  a fictive  small  military  landing  site  surrounded 
by  a thick  forest.  The  same  modelling  technique  was  utilized  for  all  these  airfields. 

The  model  was  based  on  the  fact  that  nearly  all  surfaces  existing  in  nature  must 
be  considered  rough  at  microwave  frequencies.  As  in  most  theories  treating  reflection 
and  scattering  from  rough  surfaces,  it  was  assumed  that  they  were  planar  on  the  average 
and  that  the  small-scale  roughness  could  be  described  by  a statistical  model.  In  this 
model,  the  surface  was  characterized  by  its  height  distribution,  assumed  to  be  vJaussL»n 
and  its  correlation  coefficient,  the  latter  representing  the  correlation  between  two 
surface  points  with  respect  to  the  height. 

The  airfields  and  their  surroundings  were  divided  ir.to  triangles  and  parallellograms , 
and  the  electrical  properties  of  the  ground  were  assumed  homogeneous  over  each  such  surface 
element  and  specified  by  its  roughness  and  its  complex  dielectric  constant.  Buildings 
and  trucks  were  treated  by  the  same  procedure. 

It  is  usual  to  consider  the  electromagnetic  field  scattered  fromarough  surface  as 
the  sum  of  two  components,  the  specular  and  the  diffuse  component.  Specular  reflection 
is  of  the  same  type  as  that  caused  by  a smooth  surface,  it  is  directional  (obeys  the  laws 
of  optics),  its  phase  is  coherent  and  it  comes  from  a relatively  small  area.  Diffuse 
reflection  has  less  directivity  and  takes  place  over  a much  larger  area  than  the  specular 
one.  Its  phase  is  incoherent  and  its  amplitude  is  Rayleigh  distributed.  In  the  general 
case,  both  components  are  simultaneously  present.  When  the  roughness  is  small  compared 
with  the  wavelength  of  radiation,  the  specular  component  is  predominant,  but  in  the 
opposite  case,  the  specular  component  is  negligible. 

The  scattering  from  aircraft  was  calculated  on  the  basis  of  bistatic  cross-section 
functions  that  as  closely  as  possible  showed  t e m.ain  features  of  experimentally  recorded 
cross  sections. 

With  the  positions  of  the  transmitting  and  receiving  antennas  given,  the  transmis- 
sion coefficients  between  these  antennas  were  computed  according  to  what  has  been  said 
above.  The  output  of  the  interference  computation  contained  the  amplitudes  of  the 
specular  and  diffuse  reflection  components,  normalized  to  that  of  the  direct  signal, 

♦Prof.  T.  Schaug-Pettersen  was  project  leader  at  ELAB.  The  study  was  supervised  by  a 
Study  Control  Group  representing  the  NIAG  subgroup.  This  Study  Control  Group  which  was 
chaired  by  Mr.  S.A.W.  Jolliffe  of  U.K.  participated  in  the  work  in  a very  active  and 
most  fruitful  way. 


the  tim*  delays  of  the  specular  and  diffusa  components,  relative  to  that  of  the  direct 
signal  as  well  as  the  time  derivative  of  that  delay  for  certain  aircraft  velocities  and 
the  coordinates  of  the  reflection  points  Ci.a.  the  incident  directions  of  the  reflected 
components ; . 

2.3.  Signal  processing. 

The  computations  of  the  position  erroi s were  made  at  certain  given  points  in  space. 
The  aircraft  antennas  were  assumed  to  be  omnidirectional.  Detailed  mathematical  models 
of  the  systems  with  regard  to  signal  processing  and  detection  characteristics  were 
elaborated. 

The  systems  were  assumed  to  be  ideal  within  their  specification  limits  and  no 
imperfections  in  the  hardware  solutions  of  the  system  proposals  were  considered.  Realistic 
figures  of  antenna  radiation  patterns,  pulse  shapes,  frequency  drifts,  etc.  were  u.ed. 
Thermal  noise  as  well  as  transients  were  neglected.  The  only  error  sources  considered 
were  coherent  interference  and  quantization. 

For  each  system,  a computer  program  was  developed  to  compute  the  apparent  position 
of  the  aircraft  antenna  relative  to  the  ground  antennas.  The  input  quantities  of  this 
program  were : 

1.  Ground  antenna  positions. 

2.  Ground  antenna  radiation  patterns  (vertical  and  horisontal)  and  coverage 
volumes . 

3.  Mathematical  model  of  the  signal  processing  in  the  receiver. 

4.  Output  quantities  of  the  interference  program:  coordinates  of  the  aircraft 

positions  and  of  all  reflection  points,  specular  and  diffuse  reflection 
amplitudes  relative  to  that  of  the  direct  signal,  time  delays  of  specular  and 
diffuse  components  relative  to  that  of  the  direct  signal,  time  derivatives 

of  all  time  delays. 

In  the  coherent  interference  model  all  predetect  5 on  filtering  was  combined  in  a 
single  predetector  bandwidth.  The  effect  of  filtering  was  simulated  by  individual 
modification  of  the  different  signal  amplitudes  before  the  addition  according  to  the 
respective  filter  characteristics,  similar  to  the  effect  of  the  antenna  characteristics. 

After  the  computation  of  the  total  signal  received,  the  mathematical  model  of  the 
detection  sys ;em  was  used  for  computation  of  the  coordinates  of  the  aircraft  antenna, 
giving  the  errors  as  the  differences  between  the  computed  and  the  nominal  coordinates. 

The  system  were  compared  at  a standard  measuring  rate  of  S Hi  corresponding  to  a 
measuring  interval  of  0.2  s.  For  systems 'with  S Hz  updating  rate,  the  midpoint  of  the 
interval  was  used.  For  systems  with  higher  updating  rates,  additional  points  within  the 
interval  were  taken  into  ac.^unt  by  reans  of  extrapolation.  The  errors  within  the 
interval  were  weighted  bv  a filter  furction  and  the  weighted  errors  were  then  treated  by 
computational  procedure^  to  calculate  the  means  and  the  standard  deviations  of  the  errors. 

To  summarize  the  simulation  study,  figure  1 shows  a flow  chare  of  the  principal 
lines  of  informiticn  flov  and  the  main  structure  of  the  process. 

3.  WAYS  OF  IMFROVING  THF  COMPARATIVE  ANALYSIS 

3.1.  Experiences  fi  om  the  NIAG  study. 

It  is  clear  from  the  description  in  chapter  2 above  that  the  simulation  of  the 
proposed  landing  systems  which  ELAB  carried  out  for  NIAG  was  very  comprehensive  and 
required  a lot  of  icmputer  time.  Such  a study  of  landing  systems  had  never  been  executed 
before,  a fact  which  influenced  the  input  given  to  ELAB  as  well  as  the  work  strategy. 

3.1.1.  Antenna  sitings. 

As  one  might  expect,  the  sitings  of  the  ground  antennas  appeared  to  have  great 


influence  on  the  system  accuracy.  The  asimuth  antennas  ara  genarelly  sited  at  the  far 
and  of  tha  runway,  and  a avail  change  of  alta  doaa  not  influanca  tha  asimuth  ma&surement 
vary  much,  out  tha  raaulta  of  tha  elevation  measurements  ara  often  crucially  dependant 
on  tha  siting  of  tha  elevation  antenna.  Tha  raaaon  for  this  ia  mainly  that  tha  reflections 
from  the  elevation  Antenna  have  the  greatest  influanca  when  tha  elevation  angle,  an  aean 
from  the  antenna,  ia  small.  During  tha  last  phase  of  tha  landing,  this  elevation  angle 
s strongly  dependant  on  the  antenna  siting. 

When  scattering  aircraft  are  present,  systems  with  differently  sited  antennas  can 
be  differently  influenced  by  the  shadowing  effects  of  these  aircraft. 

Finally,  differently  sited  antennae  have  different  coverage  volumes  relative  to  a 
fixed  poi,\-  in  epace  e'en  if  their  coverage  volumes  relative  to  the  respective  entenna 
are  identical. 

3.1.2.  Calculation  of  reflection  components. 

When  n simulation  it.  to  ut  carried  out  at  given  airfields,  the  reflection 
coefficients  have  to  be  calculated  as  accurately  as  possible , Even  though  the  available 
literature,  on  theory  and  experimental  data  is  utilized,  the  valr.es  of  some  constants 
used,  e.g.  permeability  and  conductivity,  can  always  b«  questioned.  There  might  be 
cases  for  example,  where  an  increase  in  reflection  coefficients  influences  one  system 
more  than  the  other  so,  in  this  way,  the  choice  of  such  constants  is  not  unimportant. 

3.1.3.  System  specifications. 

As  the  proposals  consisted  of  detailed  system  specifications,  it  wc'  inevitable 
that  parts  of  these  specifications  differed  between  different  proposals  even  if,  for 
technical  reasons,  these  parts  could  have  been  identical.  Some  examples:  receiver 
bandwidths  and  pulse  shapes  of  DUE  subsystems,  and  lengths  of  linear  array  antennas. 

3.2.  Some  improvements  of  the  methods. 

On  the  basis  of  experiences  from  the  work  described  above,  it  is  possible  to  make 
some  improvements  of  the  methods  of  analysis. 

It  has  been  shown  be  several  authors  that  there  are  analogies  between  different 
landing  system  concepts.  (By  system  concepts,  we  mean  for  example  scanning  beam,  Doppler 
scan  and  interferometer  concepts).  Because  of  these  analogies,  detailed  solutions 
belonging  to  different  concepts  but  with  similar  bandwidths,  antenna  sizes,  transmitter 
powers,  updating  rates  etc.  should  be  able  to  reach  about  the  same  accuracies.  For  a 
fair  comparison,  it  is  then  essential  to  prevent  differences  in  detailed  system 
specifications  from  concealing  the  real  differences  between  concepts.  Therefore,  in  order 
to  find  the  best  solution  as  far  as  coherent  interference  is  concerned,  the  comparison 
should  deal  with  concepts  rather  than  systems.  In  that  case,  the  parameters  should  be 
similar  as  far  as  possible  in  view  of  the  analogies  mentioned. 

The  objects  of  comparison  should  be  exposed  to  the  same  interference  if  possible. 

This  implies  that  the  ground  antennas  should  be  indentically  sited  (within  realistic 
limits )f thereby  eliminating  the  differences  in  coverage  shadowing,  reflecting  surfaces,  etc. 

For  the  sake  of  comparison,  it  is  not  at  all  necessary  to  simulate  the  behaviour 
on  specified  airfields.  A comparative  study  may  well  be  executed  by  use  of  synthetic 
interference,  but,  of  course,  such  interference  must  be  of  a realistic  type.  The  compre- 
hensive interference  computations  during  the  NIAG  study  present  a good  bxsis  for  synthes- 
izing an  interference  pattern  which  is  representative  of  the  situation  at  a somewhat 
complicated  airport  and  which  is  also  decisive  for  the  comparison.  The  life-like 
modelling  of  a real  airport  should  then  he  reserved  for  cases  where  the  behaviour  of  a 
specific  system  at  a specific  airport  is  to  be  examined. 


SYNTHESIZED  INTERFERENCE  PATTERNS 
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As  described  in  3.3,  the  synthetization  of  interference  patterns  must  be  basrd 
on  a thorough  knowledge  of  airport  coherent  interference.  Therefore,  the  considerable 
amount  of  interference  data  originating  from  the  NIAG  work  has  been  analysed  in  detail 
and  statistical  distribution  and  density  functions  ci  interference  parameters  have  been 
derived.  These  functions  are  dependent  on  the  po;  itions  of  the  points  of  evaluation, 
i.e.  on  the  positions  of  the  aircraft.  The  functions  are  used  for  the  composition  of 
synthetic  interference  patterns  in  the  following  way. 

At  etch  point  of  evaluation,  a group  of  one  direct  signal  and  S - 8 interfering 
(multipath)  sign  ■ is  is  utilized.  The  incident  direction  of  ore  of  the  interference 
components  is  cnosen  to  simulate  a specular  ground  reflection  of  the  direct  signal. 

The  ^uplitude  of  the  specular  ground  reflection,  and  the  phase,  the  amplitude  and  the 
direction  of  incidence  of  the  other  interfering  components  are  selected  according  to 
the  distributions  derived. 

A combination  of  a number  of  the  aforementioned  group  forms  a statistical  basis 
for  the  investigation  of  the  interference  sensitivity  of  a landing  system  or  a landing 
system  concept.  Those  groups  approximately  correspond  to  a certain  distribution  of 
evaluation  points  within  the  coverage  volume,  l't  is  sometimes  suitable  to  simulate  one 
or  two  specular  reflections  (one  of  which  being  a specular  ground  reflection)  which  vary 
quite  slowlv  between  the  groups  (corresponding  to  a slow  variation  along  a flight  path), 
a case  which  is  fairly  frequent  in  real  life.  This  is  implemented  by  keeping  those  two 
interfering  components  constant  within  a series  of  groups. 

The  synthesized  interference  is  used  as  input  to  the  mathematical  model  of  the 
receiver  as  described  in  paragraph  2.3.  It  can  be  utilized  not  only  for  comparison  of 
system  concepts,  but  also  for  comparison  of  different  signal  processing  methods  in  the 
receiver  of  one  specific  system.  In  both  oases,  there  may  be  a need  for  detailed  control 
of  the  synthesized  interference  in  order  to  find  out  possible  differences  in  the  sensi- 
tivities to  changes  of  different  interference  parameters.  Then,  the  parameters  the 
influences  of  which  are  to  be  examined  are  chosen  manually  without  consideration  of  the 
statistical  functions  mentioned. 

5.  EVALUATION  OF  PERFORMANCE 

The  distribution  and  density  functions  describing  the  relative  amplitudes  and  time 
delays  of  the  interference  components  are  computed  out  of  the  interference  at  the  model 
airports  as  described.  These  functions  express  the  conditions  partly  at  single  evaluation 
points  in  the  coverage  volume,  partly  in  the  coverage  volume  as  a whole.  When  the 
functions  are  utilized  to  find  relevant  interference  data,  the  resulting  system  performance 
computed  is  not  a point  performance  but  a volume  performance.  As  there  is  a difference 
between  interference  levels  at  large  and  at  small  distances  from  the  runway,  it  may  be 
appropriate  some  times  to  compute  and  use  the  statistical  functions  separately  for  those 
two  cases  in  order  to  find  possible  differences  of  the  comparison  results.  However,  in 
many  cases  a total  computation  without  dividing  the  coverage  volume  seems  preferable. 

At  the  evaluation  of  the  computational  results,  the  means  and  the  variances  for 
the  total  coverage  colume  should  be  compared  at  first.  The  next  step  is  to  find 
differences  of  the  behaviour  at  certain  evaluation  points.  The  third  step  is  to  find  the 
reasons  of  established  differences  of  performance.  Here,  it  may  be  helpful  to  vary  the 
parameters  of  the  interference  components  to  find  differences  of  influence. 
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6.  CONCLUSION 

When  the  best  concept  tor  the  future  landing  system  is  to  be  selected,  the  accuracy 
in  the  presence  of  coherent  interference  should  be  examined  as  this  seems  to  be  the  best 
way  of  technical  comparison.  To  make  the  comparison  as  fair  as  possible,  one  should  start 
with  concepts  with  indantical  parameters  (antenna  lengths,  bandwidths,  etc.)  as  far  as 
this  is  technically  realistic.  A further  comparison  can  then  deal  with  specific  system 
solutions.  To  reduce  costs  and  tiie  necessary  amount  of  work,  synthesised  interference 
patterns  are  useful  as  replacements  of  real  world  conditions.  Such  patterns  can  also  be 
utilised  for  the  examination  of  the  sensitivities  to  specific  interference  parameters. 

To  be  able  to  synthesise  realistic  and  decisive  interference  patterns,  it  is 
necessary  to  have  a comprehensive  knowledge  of  multipath  conditions  at  real  airports. 

Such  knowledge  was  acquired  by  ELAH  during  the  study  executed  for  NIAG. 


figure  1.  Information  flow  and  main  structure  of  the  computer  program  utilized  for 

evaluation  of  landing  system  proposals  with  regard  to  their  sensitivity  to 
coherent  interference. 
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DISCUSSION 

H.  J.  ALBRECHT:  Referring  to  the  requirement  of  knowing  multipath  conditions  at  real 

airports,  such  conditions  are  not  constant.  They  change  due  to  variations  of  reflec- 
tion characteristics  on  a seasonal  basis,  as,  for  instance,  caused  by  vegetation,  or 
even  on  a daily  or  hourly  basis,  after  rainfall  and  appropriately  higher  water  con- 
tents in  the  upper  surface  layer.  How  could  such  changes  be  taken  into  account? 

B.  FORSELL:  In  the  NIAG  simulation,  "summer"  conditions  were  assumed,  i.e.,  a normal 

soil  humidity  and  no  snow.  The  ambient  conditions  used  in  the  computations  were 
assumed  to  represent  a reasonably  good  mean  of  the  real  conditions. 

As  far  as  the  comparative  analysis  is  concerned,  the  synthetic  interference  should 
be  chosen  to  represent  a fairly  difficult  airport  to  be  decisive.  Here,  the  comparison 
between  systems  is  emphasized  and  reflection  parameters  are  allowed  to  vary  only  to 
find  differences  of  influence  on  the  respective  system. 

H.  J.  ALBRECHT:  It  may  additionally  be  suggested  to  attempt  a prediction  of  such  vari- 

ationD  and  to  use  such  information  as  supplementary  input  data,  within  a certain  de- 
gree, it  may  be  possible  to  predict  those  changes  of  reflection  characteristics. 

B.  FORSELLt  Yet,  this  is  of  course  possible. 

R.  OLESCH)  You  gave  the  distribution  for  returns  having  various  time  delays.  Should 
not  the  corresponding  sxgnal  amplitudes  also  be  given  simultaneously  to  indicato  whothur 
a particular  signal  is  likely  to  produce  an  error? 

B.  FORSELL)  There  is  a relationship  between  reflection  amplitudes  and  time  delays  as, 
generally,  a component  having  a long  time  delay  also  has  a small  amplitude.  This  is 
due  to  the  distance  of  propagation  and  to  the  fact  that  a certain  reflecting  area 
close  to  the  direct  signal  path  receives  more  energy  than  a similar  area  far  away  from 
that  path;  however,  there  are  cases  when  a strong  reflection  component  also  has  a long 
time  delay  and  a few  such  components  should  bo  usod  to  get  a realistic  simulation. 

R.  GOUILLOU)  I would  like  to  know  if  you  have  compared  the  various  microwave  landing 
devices  and  published  tho  results  of  these  comparisons. 

B.  FORSELL)  Tho  simulation  work  carried  out  by  N.I.A.G.,  together  with  its  rosults, 
have  been  described  in  a long  report)  however,  this  report  is  tho  property  of  NATO  and 
of  the  MODS  of  the  various  NATO  countries,  and  it  is  confidential.  Discussions  re- 
garding the  publication  of  this  report  have  taken  place,  but  1 believe  it  is  still 
confidential.  Therefore,  if  you  wish  to  read  it,  I advise  you  get  in  touch  with  your 
own  MOD . 

R.  OLESCH)  This  comment  is  in  response  to  the  previous  question  where  the  asking  party 
proposed  the  Doppler  Microwave  Landing  System  to  rerrove  unwanted  reflections  from 
fixed  targets.  I would  like  to  point  out  that  the  so-called  Doppler  system  does  not 
perform  MTI  action  as  generally  associated  with  a Dopplur  radar. 


/ 


TOT  CROSSED-DIPOLE  STRUCTURE  OF  AIRCRAFT 


IH  AH  ELECTROMAGNETIC  PULSE  ENVIRONMENT 


Robert  W,  Burton 

Department  of  Electrical  Engineering 
Naval  Postgraduate  School 
Monterey,  California 
United  States 


30-t 


SUMMARY 


Tha  crossed -dipole  receiving  ant anna  ha  a baan  uaad  aa  a representative  nodal  Co  approximate  elactromag- 
natic  pulaa  affacta  on  aircraft.  This  paper  praaanta  significant  experimental  and  theoretical  advaucea 
which  correctly  daacrlbe  tha  alactroaagnetlc  properties  of  tha  crosaad-dipola  receiving  antenna  illumi- 
nated by  a monochromatic  source,  Results  are  presented  for  electrically  moderately  thin  atructuraa. 

In  practice,  whan  a croaaad-dlpola  receiving  antenna  is  excited  by  a broad  spectrum  electromagnetic 
pulse,  certain  important  electrical  resonances  occur;  that  is,  at  specific  single  frequencies  of  excita- 
tion soma  portions  of  the  structure  can  support  large  amplitude  standing  waves  of  current  and/or  charge. 
Under  such  conditions  a currant  naxlnum/charge  minimum,  current  mlnlmum/charge  minimum,  or  current  minimum/ 
charge  maximum  nay  occur  at  the  junction  region.  Examples  of  resonant  and  antiresonant  situations  for  the 
parasitic  ncmopola  and  tha  crossed  dipole  which  highlight  the  possible  Interactions  between  the  arms  of 
the  crossed  dipole  are  presented  which  give  Insight  into  methods  of  analyzing  aircraft  in  an  electromagne- 
tic pulse  environment. 

1.  INTRODUCTION 

For  eon  time  there  has  been  considerable  Interest  (Taylor,  C.  D. , 1969:  Taylor,  C.  D.  at  el., 

1970;  Butler,  C,  M. , 1972;  Chao,  H.  H.  and  Strait,  B.  J. , 1972)  In  utilizing  the  high-speed  digital  com- 
puter in  the  tneoratical  study  of  electromagnetic  scattering  from  arbitrary  configurations  of  relatively 
thin  cylindrical  wires  both  from  the  point  of  view  of  determining  the  radar  cross  section  of  the  scatter- 
ers  aa  well  aa  their  coupling  to  the  electromagnetic  field  through  Induced  charges  and  currente.  Inevi- 
tably, this  process  leads  to  assumptions  of  boundary  conditions  In  the  vicinity  of  the  junction  and  the 
realisation  that  thin  wire  theory  (Mel,  K.  K.,  1965)  doea  not  apply  In  this  region.  The  essence  of  thla 
nonapplicability  lies  In  the  fact  that  there  is  not  rotational  aymawtry  in  the  region  closer  than  1/10 
from  the  Junction  with  the  result  that  measured  charge  and  current  densities  presented  In  this  paper  dif- 
fer significantly  from  results  predicted  using  thin  wire  theory  both  in  the  Junction  region  as  well  aa 
along  the  entire  structure. 

In  order  to  gain  insight  into  junction  effects,  experiments  were  performed  to  measure  the  Induced 
surface  charge  and  current  distributions  on  both  Che  simple  receiving  monopole  mounted  over  a conducting 
ground  plane  and  the  croased-dlpole  receiving  antenna  likewise  mounted  over  a conducting  ground  plane 
(figure  1),  In  each  case  the  receiving  structure  was  illuminated  by  a vertically  polarised,  monochromatic 
Incident  plane  wave.  Using  various  arm  lengths  on  the  receiving  crossed  dipole,  resonant  coupling  length:] 
between  various  cross  members  were  examined.  In  particular,  junction  effects  were  Investigated  at  current 
maximum/charge  minimum,  current  mlnlmum/charge  minimum,  and  current  mlnlmum/charge  maximum  as  well  ae  one 
Intermediate  case.  For  polarizations  other  than  vertical  the  results  of  this  paper  nay  be  generalised 
through  superposition  and  aysmMtry  considerations. 

2.  MEASUREMENT  OF  DISTRIBUTIONS  OF  CURRENT  AND  CHARCE  PER  UNIT  LENGTH 

The  apparatus  for  measuring  current  and  charge  per  unit  length  was  specifically  designed  to  study 
the  distributions  near  the  junction  of  the  croased-dlpole  receiving  antenna.  Both  the  parasitic  monopola 
and  the  crossed  dipole  consisted  of  brass  tubes  slotted  for  Internally  mounted  probes  terminated  In  flat 
end  caps  and  mounted  vertically  over  a large  aluminum  ground  plane.  They  were  Illuminated  by  a vertically 
polarized  electromagnetic  field  generated  by  a driven  monopole  with  a corner  reflector  nearly  tan  wave- 
lengths avay  so  that  the  phase  fronts  of  the  incident  waves  at  the  receiving  elements  approximated  a plana 
wave.  Measurements  vare  made  at  two  frequencies  for  which  the  electrical  radius  of  the  antenna  was  ka  - 
0.033  and  ka  - 0,044  where  k « 2w/X  and  a is  the  outer  radius  of  the  brass  tubing. 

The  Instrumentation  consisted  of  a flush-mounted  monopole  for  a charge  probe  and  a small  shielded 
loop  as  a current  probe.  These  could  be  moved  along  the  slots  In  the  vertical  and  horizontal  arms  of  the 
receiving  antenna  by  an  internal  mechanism  controlled  by  a rack-and-plnlon  positioner  mounted  beneath  tits 
ground  plane.  In  order  to  obtain  various  standing-wave  patterns  and  resonant  Interactions,  tha  lengths  of 
both  the  vertical  member  and  horizontal  arms  were  varied  over  a wide  range. 

3.  DESCRIPTION  OF  EXPERIMENTAL  RESULTS  FOR  RECEIVING  MONOPOLE 

The  principal  reason  for  examining  In  detail  the  standing-wave  patterns  of  the  Induced  current  and 
charge  per  unit  length  along  a conductor  with  the  electric  field  parallel  to  Its  axis  Is  t • establish  a 
physical  basis  of  understanding  fov  the  far  more  complicated  distributions  occurring  on  tne  croased  dipole. 
Tha  first  parasitic  or  receiving  monopole  Investigated  was  31/4  long,  a length  near  resonance.  The  theore- 
tical distributions  of  current  and  charge  per  unit  length  are  shown  In  figure  2.  Both  amplitudes  and 
phases  rase mb Is  those  along  a resonant  open-ended  section  of  coaxial  line  In  that  the  maxima  of  the  cur- 
rent and  the  minima  of  the  charge  are  virtually  coincident  near  kz  ■ 0 and  w or  at  1/4  and  31/4  from  the 
open  end.  Correspondingly,  the  minima  of  the  current  and  maxima  of  the  charge  occur  close  together  at 
kz  ■ x/2  and  at  the  open  end  ka  » kh  ■ 3w/2,  Rapid  changes  In  phase  by  180*  occur  near  tha  minima,  indi- 
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eating  a reversal  in  direction  of  tha  principal  components  of  both  currant  and  charga.  Nhila  tha  ampll- 
tuda  and  phaaa  of  tha  charga  behave  vary  cloaaly  Ilka  thoaa  in  a coaxial  llna  with  an  opan  and,  thara  ara 
elgnlf leant  dlffarancaa  In  tha  dlatrlbutlon  of  currant,  Thaaa  include  a minimum  that  la  not  aa  sharp  and 
daap,  two  maxima  that  dlffar  greatly  fro*  aach  othar  In  awplltuda  - tha  one  at  k*  ■ 0 la  much  smaller,  and 
a phaaa  angle  9j  that  changes  only  gradually  through  tha  160*.  Thaaa  dlffarancaa  ara  a consequence  of  tha 
continuous  unifora  excitation  along  tha  entire  length  Instead  of  by  a single  localised  generator.  Meas- 
ured curves  for  the  scat  electrical  length  but  with  a slightly  smaller  value  of  ka  ara  shown  in  figure  3. 
All  four  curves  ara  seen  to  agree  wall  in  all  significant  details  with  tha  corresponding  theoretical  ones. 


Whan  tha  length  of  the  aonopola  is  Increased  to  31/2  aa  shown  In  figure  4,  tha  dlatrlbutlon  of 
charga  renalns  conventional  in  both  amplitude  and  phase.  Maxima  occur  at  Intervals  of  1/2$  and  these  are 
displaced  by  1/4  f row  tha  wlnina,  Tha  phase  angle  6q  changes  rapidly  by  180*  at  tha  mlnlaa.  Tha  distri- 
bution of  currant  is  quite  different.  Its  naxlaa  occur  at  Intervals  of  1,  as  do  its  nlnlwa.  Tha  phase 
angle  6j  Is  sensibly  constant  over  the  entire  length  of  the  antenna  with  only  relatively  snail  (cowpared 
with  variations  In  6q)  dips  at  the  wlnina  of  current. 

The  smasured  curves  for  h - 31/2  are  shown  in  figure  S.  As  Indicated  previously,  neasurewents  were 
designed  only  to  be  wade  in  the  Junction  region  of  the  crossed  dipole  and  were  wade  only  out  a distance 
ks  - 3t/2  from  the  ground  plane.  A comparison  of  figures  4 and  5 shows  that  the  theoretical  and  Measured 
nagnltudes  |q(t)|  and  phase  angles  6q  of  tha  charge  per  unit  length  agree  well  as  do  the  phase  angles  ®I 
of  the  currents.  However,  whereas  the  theoretical  current  amplitude  has  a minimum  at  kt  ” «,  the  measured 
curve  shows  a peculiar  minor  maximum.  This  is  not  an  error  but  Is  readily  explained  with  the  help  of  a 
slight  Increase  In  the  length  of  tha  antenna  for  tha  theoretical  calculation.  Figure  6 shows  the  same 
theoretical  curves  but  for  kh  » 10.2  Instead  of  kh  ■ 3*.  The  amplitude  and  phase  angle  of  the  charge  and 
the  phase  angle  of  the  current  show  little  change.  But,  a minor  maximum  now  occurs  at  ks  • * In  the  graph 
for  1 1(a) | In  close  correspondence  with  tho  measured  curve  In  figure  3.  Actually,  this  minor  maximum  is 
considerably  greater  than  the  measured  one,  indicating  that  an  even  smaller  lncreaee  in  length  would  have 
sufficed.  Thus , It  Is  seen  that  the  standing-wave  pattern  of  current  can  be  very  sensitive  to  the  length 
of  the  antenna. 


The  final  example  of  the  distributions  of  current  and  charge  per  unit  length  Is  for  a near  resonant 
length  with  h - 3X/4,  a half-wavelength  longer  In  half-length  than  used  In  figure  2.  In  this  case  the 
charge  distribution  once  again  looks  conventional  with  maxima  at  Intervals  of  a half-wavelength  and  1B0* 
changes  In  the  phase  angle  as  the  amplitude  goes  through  a minimum,  A aero  of  charge  per  unit  length  Is 
at  the  ground  plane,  a maximum  at  the  open  end.  Tha  current  has  maxima  at  the  minima  of  charge,  but 
whereas  the  maxima  at  ks  - 0 and  li  • 2i  ara  almost  equal  in  magnitude  and  quite  large,  that  at  ks  “ * Is 
much  smaller.  Furthermore,  the  phase  angle  has  equal  values  near  ka  “ 0 and  kx  * 2*.  but  quite  a dif- 
ferent range  of  values  near  ka  ■ a.  Measured  curves  for  an  antenna  of  length  kh  ” 5 x/2  are  shown  In 
figure  7,  The  theoretical  and  measured  distributions  of  both  amplitudes  and  phaae  angles  are  very  much 
alika. 


A study  of  the  several  distribution  curves  in  figures  2 through  7 shows  that  the  charge  per  unit 
length  behaves  In  a very  simple  and  predictable  manner.  In  a aero-order  approximation  It  Is  given  by 

q(s)  * sin  ks  (1) 

At  the  base  of  a monopole  or  the  center  of  a dipole  the  charge  per  unit  length  must  vanish  to  satisfy  the 
sysmetry  condition  q(-s)  - -q(s) . All  of  the  graphs  of  q(r)  are  quite  well  approximated  by  the  simple 
form  (Eq.  1)  except  for  the  occurrence  of  deep  minima  instead  of  nulls  which  are  accounted  for  by  higher- 
order  terms. 

In  order  to  understand  the  peculiarities  In  the  standing-wave  patterns  of  current.  It  Is  advantag- 
eous to  examine  the  behavior  of  the  components  of  the  Induced  currents  that  are  In  phase  and  in  phase 
quadrature  with  the  Incident  field.  A complete  discussion  of  this  aspect  as  well  as  a thorough  analysis 
of  the  parasitic  monopole  Is  presented  by  King  and  this  author  (Burton,  R.  W.  and  King,  R.  W.  P . , to  be 
published) . 

The  principal  reason  for  examining  in  detail  the  standing-wave  patterns  of  the  Induced  current  and 
charge  per  unit  length  of  the  receiving  monopole  was  to  establish  a physical  basis  of  understanding  for 
the  much  more  complicated  distributions  which  result  from  a second  conductor  being  connected  perpendicular 
to  the  first.  The  coupling  of  this  horlsontal  element  which  would  have  otherwise  been  eo^letely  un- 
coupled from  the  vertically  polarised  Incident  field  before  tha  connection  was  made  Is  determined  In  part 
by  the  currents  and  charges  present  at  tha  proposed  junction  region  of  the  receiving  monopole  and,  aa  will 
be  described  later,  by  tha  various  combinations  of  resonant  lengths  which  result  from  the  connection, 

4.  DESCRIPTION  OF  EXPERIMENTAL  RESULTS  FOR  RECEIVING  CROSSED  DIPOLE 

With  the  use  of  Eq.  1 and  the  shifted  cosine  dlatrlbutlon  for  current  (King,  R.  W.  P.,  1936),  a 
nuaber  of  special  casas  can  readily  be  constructed  which  give  insight  into  conditions  In  the  junction  re- 
gion (figure  8).  The  horlsontal  mark  on  each  of  the  cases  in  figure  8 locates  the  proposed  junction  loca- 
tion fot  the  horlsontal  cross  arm.  It  is  clear  that  if  a horlsontal  cross  arm  is  located  at  h * A/2  above 
the  ground  plane,  junction  effects  may  be  studied  for  perturbations  In  an  area  of  current  maximum  and 
charge  minimum  on  the  vertical  member  as  In  Cases  1 and  2,  and  currant  mlnlmuat/charge  minima  in  Case  3. 
Similarly,  if  tha  cross  arm  Is  located  at  h ■ 31/4,  junction  effects  may  be  Investigated  for  a condition 
of  current  minimum  and  charge  maximum  as  In  Cases  4 and  3.  Case  6 is  an  Intermediate  cane  and  Is  included 
to  examine  the  situation  when  there  Is  both  charge  and  current  present  In  the  junction  region.  In  order 
to  shift  the  jatctlon  from  h - A/2  to  h * 3X/4,  the  frequency  of  the  incident  plane  wave  wes  merely 
changed  by  the  appropriate  amount,  which  of  course  causes  a shift  of  ka.  To  summarise,  for  tha  cases 
where  the  cross  arms  are  located  at  h ■ X/2,  ka  ■ 0,044;  when  they  are  located  at  h - 3X/4,  ka  " 0.033. 

A vertically  polarised  Incident  wave  will  clearly  not  excite  longitudinal  currents  along  the  sxis 
of  a dipole  located  horlsontally  and  parallel  to  the  plane-wave  front.  However,  when  the  horlsontal  and 


vertical  dipoles  ara  joined  together,  significant  charge  and  current  danaitlea  are  obaerved  along  the 
horlaontal  member  at  various  combinations  of  resonant  lengths.  A resonant  length  for  the  crossed  dipole 
la  considered  to  be  any  length  Manured  through  the  junction  involving  any  two  of  the  four  area  which 
gives  rise  to  resonant  affects.  -yy 

When  the  horlaontal  dipole  is  joined  to  the  vertical  dipole,  It  Is  useful  for  phyf  .cal  insight  to 
consider  the  vertical  receiving  dipole  (which  is  coupled  to  the  Incident  vertically  polarised  wave)  as 
driving  the  otherwise  uncoupled  horisontal  needier  through  the  Interaction  of  the  charges  and  currents 
present  in  the  junction  region.  The  anount  of  coupling  la  essentially  determined  by  the  various  possibly 
resonant  lengths  as  maasurad  through  the  junction. 

The  addition  to  the  vertical  dipole  of  the  horisontal  cross  member  can  beat  be  regarded  as  loading 
the  Junction,  whereas  the  cross  member  becomes  an  antisymmetrically  driven  antenna.  The  drive  comes  about 
from  the  source  currants  and  charges  existing  in  the  junction  region.  When  the  horisontal  member  la  added 
these  source  currents  and  charges  spread  out  onto  the  cross  arm,  thereby  causing  an  observable  dip  in  the 
charge  and  current  distributions  as  mesfuted  along  the  vertical  member.  The  currents  and  charges  on  a 
driven  antenna  may  be  separated  (King,  R.  W.  P.,  1956)  Into  synmetrical  and  antlsysaaetrlcal  components 
(figure  9).  In  the  case  of  the  horisontal  cross  member  of  the  crossed  dipole  under  Investigation,  the 
currents  on  the  vertical  dipole  branch  out  In  the  junction  region  onto  the  cross  arms  and  drive  the  hori- 
sontal member  antisymmetrically.  Prom  another  point  of  view  the  distribution  patterns  of  currents  and 
charges  are  the  result  of  a superposition  of  resonant  and  forced  distributions. 

For  the  moderately  thick,  dipole  (Kao,  C.  C.,  1969),  Kao  has  shown  that  transverse  currents  exist 
only  near  the  ends.  It,  therefore,  follows  that  for  the  crossed  dipole  under  study  with  ayaamtrlcal  arms 
the  only  transverse  currents  present  In  the  junction  region  will  be  eymnetrlcal  transverse  currents 
brsnchlng  out  from  the  centerline  to  the  horizontal  arms,  given  that  the  Junction  Is  reasonably  far  (i.e,, 
>X/4)  from  the  end  caps.  It  should  be  noted  that  the  use  of  a rotatable  current  probe  verified  this  fact 
on  a somewhat  fatter  model  than  the  crossed  dipole  described  here. 

The  perturbations  of  the  charge  and  current  density  on  a vertical  receiving  monopole  which  result 
from  the  addition  of  horizontal  cross  arms  of  various  lengths  were  investigated  for  each  of  the  six  cases 
described  in  figure  8.  Likewise,  the  charge  and  current  densities  along  the  horizontal  arms  which  were 
associated  vlth  these  perturbations  were  measured  out  to  a distance  %X/4  from  the  center  of  the  junction. 
These  results  are  susmarized  in  figures  10  through  22. 

The  degree  of  interaction  between  the  horizontal  cross  arms  and  the  vertical  member  is  determined 
by  the  magnitude  of  the  current  and  charge  in  the  junction  region  of  the  parasitic  monopole  and  the  new 
resonant  conditions  brought  into  being  by  the  addition  of  the  cross  arms.  Case  1,  described  in  figures 
10  and  11,  clearly  demonstrates  this  resonance  between  the  vertical  and  horizontal  cross  arms  with  a con- 
dition of  charge  minimum/ current  ataxlmum  existing  at  the  Junction,  whereas  Case  2 (figures  12  and  13)  por- 
trays the  marked  difference  occurring  when  the  horizontal  cross  arm  Is  antiresonant.  A similar  situation 
is  observed  in  Case  3 for  a condition  of  charge  minimum/current  minimum  when  the  horizontal  cross  arms  are 
varied  from  a half-length  of  X/4  to  X/2  (figures  14  and  15).  For  conditions  of  charge  maximum/current 
minimum  on  the  parasitic  monopole  (Cases  4 and  5) , significant  perturbations  in  both  charge  and  current 
densities  are  observed  which  demonstrate  the  Interaction  of  resonant  lengths  when  the  horizontal  cross 
arms  are  added  (fig-ires  16  through  19)  . Case  6 presents  an  Interesting  observation  of  an  intermediate 
case  wherein  situations  of  resonance  and  antiresonance  between  horizontal  and  vertical  members  are  high- 
lighted (figures  20  and  21). 

It  should  be  noted  that  the  Initial  data  point  on  the  horizontal  cross  arms,  x % 0,  was  taken  on 
the  front  surface  of  the  horizontal  arm  directly  over  the  edge  of  the  vertical  cylinder  projected  through 
the  junction  region.  Therefore,  it  should  be  observed  that  using  the  longitudinally  oriented  current 
probe,  the  measured  current  in  this  area  does  not  show  the  transverse  components  of  the  currents  in  the 
immediate  junction  region  until  they  blend  into  longitudinal  components  several  radii  out  along  the  hori- 
zontal arm. 

5.  CONCLUSIONS 

The  existence  of  standing  waves  of  both  current  and  charge  on  the  parasitic  monopole  gives  rise  to 
situations  In  which  sizable  currents  and/or  charges  may  be  observed  in  the  junction  region  of  a crossed- 
dlpole  receiving  antenna.  When  horizontal  cross  arms  are  added  to  the  vertical  parasitic  monopole  illumi- 
nated by  a vertically  polarized  monochromatic  plane  wave,  charges  and  currents  are  coupled  to  these  hori- 
zontal member a . The  amount  of  coupling  Is  a function  of  both  the  charge  and  current  present  at  the  loca- 
tion of  the  Junction  on  the  parasitic  monopole  and  the  new  resonant  lengths  which  occur  from  the  addition 
of  the  cross  arms.  ExperiMntal  reoults  have  been  presented  vhlch  demonstrate  these  standing  waves  end 
resonant  Interactions, 

Recently,  In  conjunction  with  this  work.  King  and  Wu  have  provided  a complete  analytic  solution  for 
the  electrically  thin  crossed  dipole  which  employs  corrected  boundary  conditions  and  a now  Integral-differ- 
ential aquation  developed  In  terma  of  trigonometric  functions  of  the  various  arm  lengths  of  the  crossed 
dipole  (King,  R.  W.  P.  and  Wu,  T.  T.,  to  be  published).  Preliminary  comparisons  of  this  theory  with  the 
experimental  results  presented  In  this  paper  rhow  close  sgrssMnt  and  will  be  the  subject  of  a eequeil  to 
that  paper  (Burton,  R.  W.  and  King,  R.  W.  P.,  work  In  progress).  The  expansion  of  the  distributions  in 
terms  of  trigonometric  functions  of  arm  lengths  clearly  demonstrates  that  some  combinations  of  Individual 
arm  lengths  bring  certain  sins  and  cosine  terms  Into  play  especially  ar.  resonances  and  antlrsuonancee, 
thus  explaining  the  experimental  Interactions  observed. 
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Fit*  9.  Currant  and  charge  denalty  on  ay— itrlcal  and  antiayunetrical  dr  Ivan 
ant anna a. 


rig.  10. 


ta|Ut«d«  and  fkant  dlrtrlburioea  of  charge  and  longitudinal  currant 
desalty  on  vertical  dipole  and  croaa  dlpola  illuartnated  by  a vertically 
polariaad  plana  wave  aa  a function  of  antenna  height,  h:  Caac  1. 
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Fig.  13.  Aaplituda  and  phaaa  distributions  of  charga  and  longitudinal  currant  den- 
sity on  horlsontal  alansnt  of  croasad-dlpola  receiving  antanna  lllunlnatad 
by  a Tsrtlcally  polarlsad  plana  wave  as  a function  of  distance  (wavelengths) 
asasured  from  junction:  Case  2. 
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Fig.  14.  Aaplituda  and  phase  distributions  of  charga  and  longitudinal  currant  den 
alty  on  vertical  dipole  and  crossed  dipole  11. initiated  by  a vertically 
polarised  plane  wave  as  a function  of  antenna  height,  h:  Case  3, 
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Fig,  17.  Amplitude  and  phaaa  dlatrlbutlona  of  charge  and  longitudinal  currant  den- 
sity on  horlaontal  alaaant  of  crosaad-dlpola  racalvlng  antanna  lllualnatad 
by  a vartlcally  polariiad  plana  vava  aa  a function  of  dlatanca  (wavelengths) 
■assured  from  junction:  Caaa  4. 


Fig.  18.  A^lltuda  and  phaaa  dlatrlbutlona  of  c.targe  and  longitudinal  current  den- 
alty  on  vertical  dipole  and  eroaaad  dlpola  lllualnatad  by  a vertically 
polarised  plana  vava  aa  a fwctlon  of  antanna  height,  h:  Caaa  5. 
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Pin.  19.  Aaplltvd*  and  phai«  distribution*  of  charge  and  longitudinal  currant  den- 
sity on  horlaontal  oloaont  of  crossed -dlpola  receiving  antanna  Ulunlnatad 
by  a vortlcally  polarlaad  plana  wav*  aa  a function  of  dlatanc*  (wavelengths) 
aaaaurad  froa  junction)  Caa*  3, 


Ft*.  20.  AapUtud*  and  phaaa  dlatrlbutlona  of  charge  and  longitudinal  currant  dan- 
alty  on  vortical  dlpola  and  croaaad  dlpolo  lllunlnatad  by  a vortlcally 
polarlaad  plena  novo  a*  a function  of  antanna  height,  hi  Caaa  6. 
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SOMMAIRE 

Un  systlme  de  transmission  intlgre  doit  posslder  une  redondance  sufTisante  pour 
garantir  un  service  complet  h la  premiere  panne,  il  faut  cependent  limiter  "importance  du 
materiel  mis  en  oeuvre  pour  assurer  les  secours  c’est  pourquoi  nous  avons  retenu  une 
redondance  d’ordre  deux  qui  consiste  £ doubler  le  systlme  de  transmission. 

Nous  donnons  des  structures  sides  ou  parallels  raisonnablement  envisageables  d’ou 
Ton  peut  dlgager  les  principes  des  Ichanges.  Nous  supposcns  qu’ils  sont  toujours  pilotls 
A partir  d’une  units  de  gestion. 

Nous  examinons  succintement  quelques  uns  des  probllmes  qui  apparaissent  au  niveau 
de  la  transmission  et  des  Ichanges  entre  le  systlme  de  transmission  et  les  Iquipements. 

Les  Ichanges  d’information  entre  la  transmission  et  les  Iquipements  peuvent  avoir  lieu 
en  bande  de  base  avec  un  codage  du  type  NRZ. 

Au  niveau  de  la  transmission  compte  tenu  des  distances,  un  codage  biphase  est 
prlflrable  car  il  llimine  toute  composante  continue  sur  la  ligne  de  transmission  principal. 

Enfln  les  Ichanges  numlriqqes  facilitent  le  controle  des  informations  et  par  la  meme 
diminuent  les  risques  d’erreur. 


1.  GENERALITFS 

L’llectronique  dljl  largement  prlsente  sur  les  avions  par  les  Iquipements  de  communications  voit  son  champ 
s’ltendre  dans  les  domaines  de  la  navigation  (Radio, navigation)  et  les  systemes  de  vol  ou  elle  se  substitue  aux  procldls 
llectrcmlcaniques. 

Les  interconnexions  entre  les  Iquipements  sont  encore  rlalisles  par  l’ancien  procldl  qui  consiste  A utiliser  un  fil 
par  information  d’ou  une  proliferation  extraordinaire  des  cablages  dans  Ics  avions  actuels. 

Il  apparait  un  dlcalage  important  entre  les  possibility  de  traitement,  de  gin 'ration,  d’utilisation  des  informations 
et  leur  transport  d’ou  1’idle  de  rlduire  les  cablages  en  multiplexant  dans  le  temps  les  informations  sur  un  numbre 
restraint  de  fils. 

Avec  un  marchl  du  S.T.T.A.,  T.R.T.  a Itudil  la  faisabilitl  d’un  systeme  de  multiplexage  A 1’aide  d’une  ligne 
omnibus  exploitle  en  temps  partagl  l bord  d’alronefs.  Cette  Itude  a Itl  menle  avec  la  collaboration  des  Sociltls 
A.M.D.  et  S.E.S.A.  Un  tel  systlme  de  multiplexage  doit  rlpondre  aux  objectifs  suivants: 

- Diminuer  le  volume  et  le  poids  des  cablages, 

- Amlliorer  l’implantation  et  l’interconnexion  des  Iquipements, 

- Permettre  les  modifications  et  en  particular  la  pose  ou  la  dlpose  d’un  Iquipement  du  fait  de  l’lvolution  de 
Plquipement  ou  d’une  nouvelle  glnlration, 

- Connecter  facilement  les  Iquipements, 

- Faciliter  les  cplration3  de  maintenance  et  de  dipannage. 

Une  des  principales  contraintes  du  systlme  de  transmission  est  d’acheminer  des  informations  qui  considlrles  A 
l’ltat  brut  ne  sont  pas  A un  format  unique,  sans  cadence  de  prlllvement  uniforme  pour  toutes  les  informations,  avec 
en  fonction  des  situations  de  vol  la  possibilitl  de  voir  apparaftre  des  demandes  Ivolutives  ou  des  rlpltitions. 

Une  unitl  de  gestion  assure  les  Ichanges  dans  des  situations  stables  mais  peut  recevoir  des  modifications  de 
programme  venant  d’une  organe  plus  llaborl  capable  de  synthltiser  la  situation  des  besoins  en  Ichanges  d’information. 
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Le  systdme  de  transmission  doit  possdder  une  souplesse  suffisante  pour  satisfaire  les  contraintes  adronautiques 
tout  en  ayant  un  haut  degrd  de  sdcuritd  de  fonctionnement. 

Dans  la  mesure  oil  le  systdme  de  transmission  est  unique  il  faut  que  sa  fiabilitd  soit  bonne  mais  il  doit  dtre  muni 
de  dispositifs  de  controle  pour  garantir  la  validity  des  informations  transmises  et  en  cas  de  ddfaillance  d’un  dldment 
de  la  chaine  de  transmission,  il  faut  ddtecter  le  ddfaut  et  dliminer  l’dldment  ou  partie  d’dquipement  incrimind  de  fa;on 
4 rdtablir  l’intdgritd  des  dchanges. 

Bien  entendu,  il  est  impossible  d’envisager  un  systdme  capable  de  conserver  l’intdgritd  des  dchanges  quel  que  soit 
le  nombre  des  pannes  successives  pouvant  advenir,  sa  complexity  et  son  volume  iraient  4 l’encontre  de  la  simplification 
recherchde. 


2.  REDONDANCE  DU  SYSTEME  DE  TRANSMISSION 

La  redondance  amdliore  considdrablement  la  disponibilitd  du  systeme. 

Trois  types  de  redondance  sont  possibles: 

- Redondance  active  oft  tous  les  dispositifs  fonctionnent  en  meme  temps, 

- Redondance  passive  oil  un  seul  dispositif  fonctionne  4 la  fois, 

- Redondance  majoritaire  qui  permet  au  systdme  de  se  rallier  4 la  majority  des  dispositifs. 

Le  systdme  d’dchanges  d’inforrnations  4 bord  d’avion  doit  etre  capable  d’dviter  ou  de  rdduire  l’interruption  des 
dchanges  en  cas  de  ddfaillance  d’un  dldment  de  la  chaine  de  transmission,  ce  qui  implique  en  cas  de  ddfaillance  une 
reprise  des  dchanges  en  un  temps  minimal. 

••9 

Cette  remarque  implique  que  la  redondance  choisie  s’apparente  4 la  redondance  active^  ainsi  la  reprise1  dfe  1 
dchanges  a lieu  immddiatement  sans  attendre  le  temps  de  ddmarrage  d’un  dispositif  dlectronique.  ; ' 

En  considdrant  un  dquipement  sans  autre  considdration  quant  4 son  dpublement  dventufcl  s*le  systdme  d’dchanges 
est  relid  4 une  dquipement  unique.  Le  systdme  d’dchanges  dtant  redondant  lY  est  ndcessaire  qu’un  systdme  d’aiguillage 
permette  4 l’dquipement  d’avoir  accds  seulement  4 la  partie  du  systdme  d’dchanges  qui  est  active,  pour  dviter  toute 
diaphonie  au  niveau  de  l’dquipement  entre  la  partie  active  et  les  red  ~.»ces. 

Par  ailleurs  une  dtude  de  circuits  nous  a montrd  qu’une  redondan^p  majoritaire  d^drdre  3 (trois  dispositifs  de 
transmission)  avec  la  logique  de  ddcision  associde  ndcessite  plus  de  circuits  qu’un  simple  dispositif  d’aiguillage  propre 
4 une  redondance  d’ordre  2. 

Une  redondance  active  d’ordre  2 apparait  comme  un  compromisbien  adaptd  aux  contraintes  adronautiques. 


3.  STRUCTURE  DES  SYSTEMES  D’ECHANGES 


3.1  Considdrations  Gdndrales 


cb  - 

La  structure  choisie  pour  le  systdme  influe  sur  la  conception  des  procddures  d’dchanges,  les  interfaces  et  la 
fiabilitd.  ' 


Les  structures  prdsentdes  ici  tiennent  compte  des  remarques  du  paragraphe  prdcddent  et  sont  limitdes  4 une 
redondance  d’ordre  deux. 

La  gdomctrie  d’un  systdme  d’dchange  est  earactdrisde  par  Ic  mode  de  connexion  des  dquipements.  Celui-ci  peut 

etre: 

- “Sdrie”.  La  ligne  de  transmission  est  interrompue  de  part  et  d’autre  de  1’dquipement  et  se  trouve  ddcoupde 
en  t rontons  didmentaires. 

- “ParalldJe”  ou  en  ddrivation.  Les  dquipement  sont  couplds  en  ddrivaticn  cur  la  ligne  de  transmission. 

Dans  ce's  systdmes,  1’unitd  de  gestion  est  capable  d’organiser  les  dchanges  selon  pn  programme  prddtabli,  ce  qui 
dvite  d’avoir  4 pdnaliser  un  calculateur  pour  assurer  des  dchanges  de  routine. 

’(■ 

La  calculeteur  peut  intervenir  dans  le  systdme  pour  modifier  l’ordonnancement  des  dchanges  4 partir  de  critdres 
compliquds  que  l’unitd  de  gestion  n’est  pas  capable  d’interprdtcr. 


i > 1 


3.2  Structure  Strie 


3.2.1  Structure  Strte  Constitute  da  Deux  Ltgnes  Double  Unidirectionnelles 

Un  tel  systAme  comporte  deux  unitAs  de  gestion  l’une  ett  en  service  et  la  ieconde  en  secours.  Chacune  pilote 
l’une  des  deux  lignes  doubles  unidirectionnelles.  Les  Aquipements  son  raccordAs  A ces  deux  lignes  (voir  figure  1 ). 

Les  Achanges  sont  susceptibles  d’Atre  assurAs  avec  la  procAdure  suivante: 

- Dans  le  sens  de  transmission  unitA  de  gestion  Aquipements,  ou  trajet  alter,  on  effectue  la  collecte  d’une  ou 
plusieurs  informations, 

- Dans  1c  sens  opposA,  au  trajet  retour  on  diffuse  aux  Aquipements  rAcepteurs  les  informations  prAcAdemment 
collectAes. 

Le  passage  par  1’unitA  de  gestion  facility  le  contrble  des  Achanges. 

La  sauvegarde  de  la  transmission  est  assurAe  par  redondance  des  UnitAs  de  gestion,  des  supports  de  transmission 
des  circuits  de  raccordement  des  Aquipements. 

3.2.2  Structure  Strie  Composte  de  Deux  Lignes  fUdirectionnelles  Indtpendantes 

La  structure  reprAsentAe  figure  2 a les  mAmes  propriAtAs  que  la  prAcAdente,  elle  divise  simplement  par  deux  le 
nombre  des  lignes  (*;  transmission. 

3.2.3  Structure  Strie  Composte  de  Deux  Lignes  Unidirectionnelles  Bouclie ? Indtpendantes 

Le  systAme  se  compose  de  deux  rAseaux  indApendants  chacun  d’entre  eux  Atant  pilotA  par  une  unitA  de  gestion 
(voir  figure  3).  En  fonctionnement  normal,  un  seul  rAseau  rAalise  les  Achanges,  le  second  rAseau  n’intervient  qu’en 
cas  de  panne  du  premier. 

L’on  peut  concevoir  que  l’exploitation  d’un  tel  rAseau  se  fasse  en  deux  temps: 

- Collecte  des  informations, 

- Diffusion  des  informations. 

Bien  que  redondant  d’ordre  2 ce  systAme  ne  peut  rAsister  A plus  d’une  dAfaillance  sur  1’un  et  l’autre  rAseau. 

3.2.4  Structure  Strie  Composte  d’un  Ligne  Bidirectionnelle  Bouclie 

Le  systAme  possAde  deux  unitAs  de  gestion  comme  il  est  indiquA  figure  4,  une  seule  est  en  service  A un  instant 
donnA. 

En  fonctionnement  normal,  la  ligne  est  exploitAe  en  mode  unidirectionnelle;  le  mode  bidirectionnelle  n'est 
utilisA  qu’aprAs  une  dAfaillance  d’un  AlAment. 

Les  unitAs  de  gestion  ont  un  dialogue  possible  grace  A une  ligne  directe  ce  qui  permet  d’exploiter  au  mieux  les 
redondances  et  de  rAsoudre  beaucoup  de  cas  de  pannes  avec  un  support  de  transmission  minimum. 

3.3  Structure  ParallAle 

3.3.1  Structure  Parallile  Composte  de  Deux  Lignes  Indtpendantes 

Le  systAme  se  compose  de  deux  lignes  pilotAes  chacune  par  un  org"ie  central  comme  le  montre  la  figure  S. 

Le  branchement  en  parallAle  de  tous  les  Aquipements  suppose  qu’A  un  instant  donnA  un  seul  Aquipement  soit 
emetteur  pour  que  le  message  puisse  Atre  dAcodA  convenablement.  Cette  remarque  oblige  A compliquer  le  systAme 
pour  Aviter  deux  Amissions  simultanAes,  par  ailleurs  il  importe  de  protAger  la  ligne  contre  un  court  circuit. 

3.3.2  Structure  Parallile  Composte  de  Deux  Lignes  Boucltes  Indtpendantes 

Les  deux  unitAs  de  gestion  sont  indApendantes  et  pilotent  chacune  une  ligne  de  transmission  (figure  6). 

L’unitA  de  gestion  en  veille  reqoit  en  permanence  les  informations  de  la  ligne  active.  Il  lui  est  ainsi  possible 
de  dAtecter  toute  anomalie  de  transmission  et  de  prendre  le  relais. 

3.3.3  Structure  Parallile  Comprenant  Deux  Lignes  Do  bites  et  non  Boucltes 

Chaque  unitA  de  gestion  est  indApendante  et  pilote  un  ligne  double,  une  ligne  scrt  A la  transmission  de  I’unitA 
de  gestion  vers  les  Aquipement  alors  que  l’autrc  ligne  est  utilisAe  dans  I’autre  sens  (voir  figure  7). 


31-4 


Dans  la  mesure  oil  les  unitis  de  gestion  peuvent  dialoguer  entre  dies  l’on  peut  envisager  toutes  les  combinaisons 
pour  la  sauvegarde  du  systime. 

3.4  Comparison  Entre  les  Structures  Series  et  Pa  rallies 

Les  exemples  pricidentes,  pour  une  redundance  d’ordre  deux,  font  apparaitre  la  diversity  de  structures  possibles, 
sans  prijuger  des  procedures  d’ichanges  aussi  les  comparaisons  ne  porteront  que  sur  les  caractiristiques  liies  4 la  trans- 
mission sans  evaluation  complete  des  systemes. 

Les  caractiristiques  prises  en  compte  concement: 

- le  couplage  eiectrique  au  support  de  transmission, 

- les  possibilites  de  transmission  bidirectionnelle  des  informations, 

- la  securite  de  la  transmission, 

- les  possibilites  d’extensio*v 

- les  procedures  d’echanges  autorisecs. 

3.4.1  Couplage  Eiectrique  des  Equipements 

Avec  une  structure  serie,  chaque  raccordement  joue  le  rdle  d’un  repeteur  et  restitue  un  signal  debarasse  des 
oifauts  de  propagation.  Les  impedances  vues  depuis  la  ligne  du  c&ti  de  l’emetteur  comme  du  c6te  du  r6cepteur 
peuvent  etre  rendues  iga’cs  4 l'impedance  caracteristique  du  support. 

Avec  une  structure  paralieie,  cheque  coupleur  prilive  une  fraction  de  l’inergie  disponible  sur  la  ligne  au  droit 
de  la  derivation. 

11  est  nicessairc  de  faire  un  compromis  entre  la  fraction  d’energie  prelevee  I chaque  derivation  et  le  nombre  de 
cclles-ci. 

Si  chaque  coupleur  prilive  une  part  trap  importante  d’6nergie,  la  perte  d’energie  au  niveau  de  la  ligne  doit  etre 
compensee  par  un  gain  plus  important  du  recepteur  d’oii  une  augmentation  de  la  sensibilite  aux  parasites. 

Le  branchement  en  paralieie  peut  s’effectuer  selon  deux  precedes: 

- branchement  4 haute  impedance.  Les  recepteurs  d’impedance  successives  sont  susceptibles  de  provoquer  une 
deformation  des  signaux  du  fait  des  reflexions  4 chaque  desadaptation.  Ceci  ajoute  aux  distorsions  causies  par 
les  imperfections  accroit  la  sensibilite  aux  parasites. 

- branchement  par  dispositif  adapti,  ce  type  de  couplage  a des  pertes  et  demande  l’interruption  du  support  de 
transmission. 

3.4.2  Possibiliti  de  Transmission  Bilatirale 

Avec  une  structure  paralieie,  les  signaux  doivent  etre  6mis  par  un  seul  6quipement.  Le  support  n’est  done 
utilisable  qu’4  l’altemat.  Par  contre  avec  une  structure  serie,  il  est  possible  de  superposer  des  signaux  se  propageant 
dans  les  deux  sens  de  transmission  en  utilisant  des  coupleurs  spiciaux  capables  d'extraire  le  signal  re?u,  mais  en  un 
point  on  ne  re9oit  qu’un  seul  signal.  La  transmission  bilatirale  simultanie  est  intiressante  car  elle  est  susceptible  de 
permettre  une  reconfiguration  de  la  structure  sirie  en  utilisant  un  unique  support  de  transmission. 

3.4.3  Cadence  Possible  de  Transmission 

Avec  une  structure  sirie  du  fait  de  l’adaptation  de  tous  les  t rontons  de  ligne,  un  dibit  de  10  M bit/S  est  envisage- 
able  sans  poser  de  problime  technologique  insurmontable,  4 condition  de  choisir  un  support  de  transmission  de 
bonne  qualiti  comme  par  exemple  un  cable  coaxial. 

Une  structure  parallile  du  fait  des  ruptures  d’impidance  du  support  de  transmission  permet  des  dibits  moindres, 
de  l’ordre  du  Migabit  par  seconde,  dans  ces  conditions  le  support  de  transmission  peut  itre  une  paire  torsadie. 

3.4.4  Procedures  d'Echanges 

A partir  d’une  structure  sirie  toutes  les  procidures  d’ichanges  sont  possibles  y compris  celles  giries  de  maniire 
dicentralisie  oil  une  information  venant  d’un  iquipement  est  insirie  en  un  point  pricis  d’un  multiplex  tempore). 

Par  contre  les  structures  paralliles  doivent  itre  giries  de  maniire  centralist  et  nicessitent  des  procidures 
d’ichanges  du  type  interrogation  riponse,  1’uniti  de  gestion  n’interrogeant  qu’un  seul  iquipement  4 la  fois. 


4.  RACCORDEMENT  DES  EQUIPEMENTS  AU  SUPPORT  DE  TRANSMISSION 

4.1  Definition  des  FrontiEres 

Le  raccordement  ou  coupleur  est  un  dispositif  nEcessaire  pour: 

- Adapter  le  debit  et  le  format  des  informations  en  provenance  du  support  de  transmission  aux  besoins  de 
l’Equipement  numErisE. 

- Extraire  et  presenter  les  informations  au  bon  instant  sur  le  support  de  transmission. 

II  apparait  deux  types  de  couplage: 

- Un  coupleur  au  niveau  de  la  transmission  ou  coupleur  de  BUS, 

- Un  coupleur  du  cote  Equipement  ou  coupleur  de  sous-systeme. 

C’est  le  coupleur  sous-systeme  qui  est  ddlicat  a definir,  en  effet  il  faut  laisser  aux  constructeurs  d’equipements  la 
possibilite  d’utiliser  leurs  equipements  dans  pluisieurs  systemes  d’echanges  differents,  et  a la  limite,  leur  laisser  la 
possibilite  de  raccorder  les  equipements  sans  systeme  d’echanges. 

L’interface  au  niveau  du  coupleur  de  BUS  peut  etre  dEfinie  sans  contrainte  particuliere  puis-qu’il  s’agit  en  fait 
d’une  partie  integrante  du  systeme  d’echanges. 

Un  echange  d’informations  entre  deux  equipements  est  gEre  par  une  procedure  d’echanges  qui  definit  les 
differentes  phases  de  l’echange  ains  que  les  commandes  a engendrer  pour  en  permettre  la  realisation.  Pour  banaliser 
au  mieux  le  coupleur  il  est  interessant  qu’une  meme  procedure  de  base  puisse  rEgir  tous  les  echanges  car  cela  risque 
d’influer  sur  la  standardisation  des  interfaces  et  par  la  meme  des  coupleurs. 

Figure  8 nous  rappelons  comment  se  situent  les  jonctions  pour  raccorder  un  equipement  au  sous-systeme. 

4.2  Schema  Fonctionnel  d’un  Raccordement  Simple 

Nous  n’aborderons  pas  le  probleme  des  redondances  au  niveau  des  raccordements  car  il  faudrait  considerer  la 
technologie,  la  structure  du  systeme  d’echanges,  procedures  d’echanges.  . . 

Le  couplage  du  sous  systeme  est  different  suivant  le  mode  de  branchement  choisi:  serie  ou  parallele. 

Mais  l’on  retrouve  toujours  sensiblement  le  meme  ensemble  de  circuits  destine  a analyser  les  ordres  venant  dc 
l’unite  de  gestion  et  dont  le  role  est  de  commander  les  echanges. 

De  son  cote  l’equipement  ou  sous  systeme  est  muni  de  registres  d’entree  et  de  sortie  destines  a stoker  les  informa- 
tions, il  s’agit  de  les  utiliser  au  mieux  pour  eviter  les  duplications  inutiles  de  materiel. 

Les  principaux  circuits  intervenant  dans  l’echange  des  informations  entre  le  BUS  et  le  sous  systeme  sont 
indiques  par  la  figure  9. 

II  comprend  deux  parties,  le  coupleur  de  BUS  pour  realiser  la  transmission  et  controler  les  echanges  et  le 
coupleur  sous  systeme  qui  dialogue  directement  avec  les  Equipements. 

4.3  Nature  des  Signaux  EcharigEs 

4.3.1  Signaux  Transmis  sur  les  Lignes  BUS 

Quelle  que  soit  la  structure,  il  est  intEressant  de  transmettre  des  signaux  sans  composcnte  continue,  de  faijon  & 
avoir  la  possibilite  de  rEaliser  une  isolement  galvanique  entre  les  EIEments  disposEs  sur  la  lignc  ce  transmission.  Les 
Equipements  peuvent  etre  distants  les  uns  des  autres,  alimentEs  & partir  de  sources  diffErentes,  il  iir.porte  d’Eviter  les 
courants  de  circulation  qui  accentuent  la  sensibility  aux  parasites  de  la  transmission. 

Pour  ces  raisons,  le  message  de  base  est  codE  avant  d’etre  transmis. 

Aujourd’hui,  deux  codages  paraissent  faire  1’unanimitE  des  constructeurs: 

- le  code  bi  phase  Manchester, 

- le  code  bi  phase  avec  retour  a zEro. 

Ces  deux  codes  ont  l’avantage  de  contenir  I’horloge  de  la  transmission  done  d’Eviter  une  ligne  supplEmentairc 
pour  transmettre  cette  information.  De  plus,  lorsque  l’horloge  est  directement  extraite  des  donnEes  il  n’y  pas  de 
dEcalage  entre  l’information  et  des  transitions  d’horloge  d’ou  un  risque  moindre  d’erreur. 
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4.3.2  Signaux  Echangis  entre  le  Coupleur  Sous  Systime  et  le  Sous  Systime 

Le.  distance  separant  le  coupleur  sous  systeme  et  le  sous  systeme  est  faible,  et  dans  de  nombreux  cas  ils  seront 
alimen  s par  la  meme  source  d’energie. 

Da.  _ ces  conditions  rien  ne  s’oppose  & ce  que  tes  donndes  entre  sous  systeme  et  coupleur  sous  systeme  soient 
echangies  en  codage  N R Z. 

Sous  cette  forme  les  signaux  s’exploitent  facilement. 

Pour  diminuer  au  maximum  les  redondances,  il  sera  san?  doute  avantagcux  que  la  transmission  exploite  directe- 
ment  les  registres  des  equipements  qui  stockent  ('information.  Une  procedure  d’cxploitation  mixte  de  ces  registres 
est  k envisager,  surtout  si  Ton  desire  une  extraction  sous  forme  s£r<e  du  cote  transmission  pour  rdaliser  le  maximum 
d’dconomie  de  circuits. 


5.  CONCLUSIONS 

Un  systeme  d’gchanges  num^rise  semble  attrayant  par  le  fait  meme  qu’il  diminue  considerablement  les  cablages 
entre  les  Equipements  mais  il  est  important  que  la  transmission  soit  sure. 

Pour  cela  deux  supports  sont  actuallement  retenus  pour  les  lignes  BUS: 

- le  cable  coaxial, 

- la  paire  torsadee  blindee. 

Ces  deux  supports  resistent  bien  a I’induction  de  parasites  exterieurs  et  evidemment  les  signaux  qu’ils  vEhiculent 
rayonnent  peu. 

L’utilisation  d’un  codage  sans  composante  continue  pour  la  transmission  sur  des  distances  de  quelques  metres 
ou  dizaines  de  metres  ameliore  la  surete  de  transmission. 

Les  messages  eux-memes  peuvent  etre  controls  par  I’adjonction  de  pits  de  parity  et  une  procedure  de  demande 
de  repetition.  Il  faut  cependant  eviter  d’aller  trop  loin  dans  cette  voie  sous  peine  d’augnienter  considerablement  le 
volume  de  I’electronique  a mettre  en  oeuvre,  ce  qui  rEagit  sur  la  tiabilite. 

Nous  remarquons  que  les  circuits  logiques  admettent  un  haut  degre  d’intEgration  et  la  reduction  de  volume  qui 
s’en  suit  permet  le  blindage  facile  des  circuits  pour  limiter  leur  rayonnement. 

Enfin  les  circuits  logique  eux  memes  sont  difficilement  brouillables  dans  la  mesure  ou  les  longueurs  des  inter- 
connexions restent  faibles  et  les  impedances  pas  trop  elevees;  nous  retrouvons  la  le  dilemme  consummation  — 
efficacite. 
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SUMMARY 


In  the  use  of  digital  systems  in  aircraft,  where  a great  deal  of  interference  emission 
and  very  sensitive  equipment  are  concentrated  in  a small  space,  new  problems  can  arise 
due  to  the  special  type  of  emission  and  susceptibility  of  the  digital  systems.  Great 
care  must  therefore  be  laid  on  the  selection  of  the  cabling  (twisting  rate,  shielding), 
the  line  drivers  and  receivers,  the  rise  and  fall  time,  and  the  transmission  rate. 

To  prove  in  practice  the  meaning  of  theoretical  evaluations  of  a choice  of  line  drivers, 
line  receivers  and  cables,  special  tests  were  performed  on  the  EMC-test-f acilities  at 
MBB.  These  tests  also  covered  the  different  shielding  and  earthing  possibilities.  The 
experience  obtained  from  theory  and  practice  found  their  implementation  in  Europen  air- 
craft-program. 

Special  EMC-tests  were  established  to  prove  the  compatibility  of  the  digital  systems 
with  the  complete  aircraft  system. 

1.  INTRODUCTION 

Modern  aircraft  require  more  and  more  sophisticated  equipment  operating  on  a di- 
gital basis.  These  systems  can  be  the  Primary  Flight  Control  (fly  by  wire),  the  Auto- 
pilot, the  Air  Intake  Control,  the  Air  Data  Computer,  the  Inertial  Navigation  or  the 
stores  management  system.  It  can  be  seen  that  all  these  systems  are  important  for  flight 
safety  and  mission  success.  It  is  therefore  necessary  to  design  the  digital  data  trans- 
mission with  a high  noise  immunity.  Great  care  has  to  be  laid  on  the  selection  and  cali- 
bration of  the  line  drivers  and  line  receivers  in  view  of  rise  time,  fall  time  and  trans- 
mission rate;  also  the  selection  of  the  connecting  wires  is  important  in  view  of  twisting 
rate  and  shielding  effect.  Practical  tests  have  then  to  indicate  the  susceptibility  limits 
and  the  level  of  conducted  and  radiated  emission  to  be  sure  to  achieve  an  overall  com- 
patible aircraft  system,. 

2.  LAYOUT  OF  THE  TRANSMISSION  SYSTEM 

2.1.  General  Layout. 

Several  studies  have  been  conducted  to  optimize  a data  transmission  system  from 
an  EMC  point  of  view,  where  the  unwanted  emission  from  the  transmission  cables  is  as 
important  as  the  susceptibility  to  external  interference  sources.  As  a result,  fig.  1 
shows  the  proposed  configuration  where  the  data  together  with  the  data  identification 
(TAG)  are  transmitted  on  one  twisted  pair,  a second  twisted  pair  carrying  the  clock 
pulses  for  bit  synchronization.  This  system  is  proposed  on  the  grounds  of  optimization 
of  weight,  connection  number,  mission  safety,  costs  and  development  risk.  The  necessary 
clock  frequency  is  limited  to  high  frequencies  by  the  rising  cable  radiation  (short  rise 
and  fall  times  necessary)  and  the  usable  cable  types  (twisted  pairs).  The  minimum  possible 
clock  frequency  can  be  calculated  from  the  necessary  data  flow  per  unit  of  time.  Finally 
a clock  frequency  of  64  kHz  + 5 5(  is  proposed  as  a compromise.  A pulse  coded  modulation 
shall  be  used  as  a modulation  frequency  because  other  modulation  techniques  as  pulse  po- 
sition modulation  or  pulse  width  modulation  need  much  higher  bit  frequencies  which  means 
a higher  emission  of  interference.  The  data  signal  format  shall  be  of  the  type  "non- 
return-to-zero"  because  all  "return-to-zero"  formats  have  more  edges  to  the  waveform 
and  the  transmission  therefore  radiates  more  interference  at  higher  frequencies. 

An  important  part  of  the  general  layout  is  to  assure  as  much  transmission  safety  as  pos- 
sible. Faults  can  occur  due  to  equipment  failures  or  interference  from  external  sources 
(other  equipment,  lightning  strikes,  EMP). 

The  data  signals  shall  be  transmitted  on  the  two  lines  in  both  "true"  and  "complement" 
form,  each  being  the  logic  inverse  of  the  other.  The  two  lines  are  twisted  together  so 
that  both  lines  experience  the  same  electromagnetic  environment  on  the  route  to  the  re- 
ceiver. Thus  any  noise  picked  up  would  induce  the  same  effect  on  both  lines.  Usual  re- 
ceivers are  designed  to  detect  the  difference  between  the  two  lines  and  reject  the  noise 
which  is  the  same  on  both  lines  (common-mode  rejection).  The  symmetry  of  the  true  and 
complement  waveforms  must  be  maintained  since  well-balanced  waveforms  will  tend  to  cancel 
the  radiated  field  of  the  other. 

Fig.  2 shows  the  serial  data  transfer  which  seems  to  be  an  optimal  solution  for  trans- 
mission safety. 


Name 


fiJLkJ&x 
1 
2 
3 

4-6 

7 

8 


Name 

Control  Bit 


Spare  Bit  1 

Least  Significant  Bit  (TAG) 
Identification  Bit  (TAG) 
Most  Significant  Bit  (TAG) 
Spare  Bit  2 


Bit  No. Name 

9 Least  Significant  Data  Bit 

10  - 23  Data  Bits 

24  Most  Significant  Data  Bit 

25  Spare  Bit  3 

26  Parity  Bit 

27  - 32  Word  Synch  Clock  Bits 


Correct  and  undisturbed  transmission  can  be  checked  as  follows: 

(a)  The  control  bit  (1)  shall  be  set  to  a logic  "l"  when  the  transmitting  equipment  is 
in  order. 

(b)  The  spare  bits  (2,  3,  25)  shall  always  be  set  to  digital  "0"  and  to  the  correct  po- 
sition. 

kc)  The  identification  (3-7)  and  data  word  (9-24)  shall  always  have  the  fixed  word 
length. 

(d)  The  parity  bit  (26)  shall  be  set  so  that  the  total  parity  of  the  data  word  (26  bits) 
is  odd. 

(e)  A Missing  synchronization  indicates  a transmission  fault. 


All  these  above  mentioned  checks  are  important  for  correct  data  transmission  and  are  used 
later  on  as  susceptibility  criteria  during  the  EMC-teSts. 


2.2.  Line  Drivers  and  Receivers. 

Since  most  of  the  avionic  equipment  will  be  designed  using  standard  logic  opera- 
ting from  a 5 V power  supply,  this  voltage  shall  also  be  used  with  the  following  defini- 
tion: Digital  ”1”  - +5  V;  Digital  "0"  - 0 V. 

A transmission  system  designed  to  operate  in  an  aircraft  should  be  able  to  operate 
with  a 20  meter  cable-length  between  line  driver  and  receiver.  The  driver  and  receiver 
have  to  be  chosen  accordingly.  Integrated  circuits  shall  be  used  for  reasons  of  space, 
cost,  weight,  and  reliability.  The  most  important  part  of  the  line  driver  and  receiver 
layout  from  an  EMC  point  of  view  is  the  definition  of  the  transmitted  waveform.  Limiting 
the  rise  and  fall  time  of  the  transmitted  signal  reduces  the  radiated  emission.  As  a 
possible  solution  fig.  3 shows  the  proposed  waveform,  where  the  time  between  the  10%  to 
the  90%  value  is  about  1 iis  which  means  a much  lower  rise  and  fall  time  than  usual 
( 10  ns).  The  waveform  shall  not  exhibit  any  sharp  discontinuities  between  transition 

from  one  logic  level  to  another.  Every  deviation  from  the  ideal  waveshape  shall  be  li- 
mited as  much  as  possible.  Fig.  4 shows  the  proposed  limits  for  permitted  deviations 
from  the  ideal  waveshape  (overshoot,  undershoot,  pulse  ringing,  pulse  droop  and  pulse 
jitter).  Every  sharp  discontinuity  increases  the  radiated  interference  and  therefore  the 
cross-coupling  to  other  sensitive  lines.  Since  the  line  receiver  should  only  need  to 
operate  with  signals  having  64  kHz  repetition  frequency,  it  can  be  designed  to  have  an 
input  noise  bandwidth  of  less  than  2 MHz  which  means  a rejection  of  all  high  frequency 
noise  at  the  receiver  input,  therefore  reducing  the  susceptibility  of  the  transmission 
system. 


2.3.  Cable  Selection. 

As  stated  before,  the  proposed  solution  for  the  DDT  system  is  to  use  two  screened 
twisted-pair  cables.  On  the  grounds  of  space,  weight  and  simplicity  it  is  preferable  to 
have  only  one  cable  per  channel  and  it  is  therefore  proposed  to  adopt  a twisted-quad 
cable  as  shown  in  fig.  5.  Tests  with  several  types  of  cable  indicates  that  the  use  of  a 
quad  cable  does  not  reduce  the  compatibility  of  the  system  when  good  screening  effici- 
ency is  assured  (a  woven  copper  screen  with  a coverage  of  more  than  90%  proved  satis- 
factory). In  order  to  achieve  matched  conditions  for  the  transmission  system  the  charac- 
teristic impedance  of  the  cable  at  64  kHz  shall  be  about  ICO  Q.  During  the  EMC-tests 
several  possibilities  for  connecting  the  screen  with  an  earth-point  were  tested  and  will 
be  dicussed  later.  The  signal  lines  themselves  shall  be  ungrounded  (balanced  signals) 
which  is  also  important  to  avoid  earth  loops  and  possible  potential  differences  between 
line  driver  and  receiver.  Fig.  6 shows  a collection  of  the  proposed  data  for  the  selec- 
ted transmission  system  which  were  adopted  for  testing  and  later  on  fob  aircraft  use. 


3.  EMC-TEST 

3.1.  Test  Set-Up. 

A special  EMC-test-program  was  established  at  MBB  to  prove  the  effectiveness  of 
the  envisaged  measures.  The  test  set-up  is  shown  in  fig.  7,  and  indicates  that  the  attempt 
was  made  to  simulate  some  typical  aircraft  conditions  as  closely  as  possible: 

(a)  Cable  length:  20  m (twisted-quad). 

(b)  Ground  plane  (aluminum),  simulating  the  aircraft  structure,  width  1 m,  test  cable 
mounted  midway  between  its  edges. 

(c)  Height  of  cable  above  ground  plane:  5 cm  (medium  distance  possible  in  an  aircraft, 
also  distance  as  required  for  MIL-STD  461  A,  462  testing). 

(d)  Test  wire  directly  attached  to  the  DDT  cable,  coupling  length  4 m. 

(e)  Line  drivers  and  receivers  with  the  necessary  circuits  driven  by  batteries  mounted 

in  screened  enclosures. 


(f)  A bulkhead  connector  simulation  was  mounted  in  .ertical  aluminum  plate  mounted 
transversly  on  the  ground  plane  to  test  the  different  earthing  possibilities  of 
the  screen  at  this  point. 

The  test  proyram  consisted  of  different  susceptibility  and  emission  tests  performed  with 
several  line  drivers,  receivers  and  cables  with  different  earthing  conditions  of  the 
screen-  Not  all  of  the  tests  performed  shall  be  detailed  in  this  lecture  and  only  the 
main  results  can  be  given  in  compressed  form. 


3.2.  Emission  Tests. 

Two  basically  different  results  were  received  during  the  emission  tests,  dependent 
on  the  rise  and  fall  time  of  the  transmitted  signal  (64  kHz).  The  cable  used  mainly  was 
the  proposed  shielded  twisted-quad.  Different  earthings  of  the  screen  conditions  were 
checked  with  the  following  possibilities  (fig.  8): 

(a)  Screen  connected  to  earth  on  transmitter  or  receiver  end  only. 

(b)  Screen  fed-through  bulkhead  connecter  via  a separate  pin 

(c)  Screen  connected  to  earth  at  the  bulkhead  connector  at  transmitter  or  receiver 
side  or  on  both  sides. 


With  these  different  conditions  the  inductive  and  capacitive  coupling  on  a length  of  4 m 
to  a fixed  wire  was  measured  with  narrowband  detection  in  the  frequency  range  14  kHz  to 
IOC  MHz.  Narrowband  detection  was  used  because  the  measured  interference  was  mainly  of 
the  narrowband  type  (at  least  up  to  10  MHz).  No  measurements  are  necessary  for  freuqn- 
cies  lower  than  14  kHz  because  the  lowest  detectable  frequency  was  32  kHz,  Some  impor- 
tant results  of  the  measurements  are  plotted  in  the  following  figures  where  the  first 
tests  were  performed  with  the  earthing  configuration: 

- Screen  on  Tx  end  connected  to  earth 

- Screen  on  Rx  end  open 

- Screen  at  bulkhead  connector  through  a pin,  not  earthed  at  the  bulkhead  connector. 


Fig.  9 shows  a comparison  of  two  different  line  driver /receiver-systems  in  view  of  in- 
ductive coupling.  For  this  measurement  the  test  wire  was  shortened  and  the  interference 
current  induced  in  this  loop  measured  with  a current  probe.  The  upper  curve  is  the  re- 
sult achieved  with  a line  transmitting  pulses  with  20  ns  rise  and  fall  time.  The  lower 
curve  was  achieved  with  a line  driver  transmitting  pulses  of  1 ns  rise  and  fall  time. 

The  result  indicates  differences  of  up  to  50  dB.  The  importance  of  this  result  can  be 
seen  in  the  comparison  with  the  limit  curve  of  M1L-STD  461  A,  test  CE  03,  CE  04. 

It  cat.  easily  be  calculated  that  a second  DDT  cable  in  parallel  would  raise  the  induced 
current  by  6 dB  and  then  the  result  it.  the  frequency  range  1.5  to  50  MHz  would  already 
lie  above  the  limit.  This  can  be  the  case  for  a power  supply  cable  running  in  parallel 
with  the  same  DDT  lines  to  the  same  equipment.  During  a bench  test  required  by  MIL- STD 
461  A,  462  for  military  equipment  this  specific  equipment  would  fail  to  meet  the  required 
limits.  A solution  which  means  a reduction  of  the  detected  interference  on  the  power  line 
could  only  be  achieved  by  changing  the  signal  characteristics  of  the  DDT  cables  as  pro- 
posed before.  Fig.  10  shows  the  same  comparison  in  view  of  capacitive  coupling.  This 
measurement  was  performed  with  a 1.1  kQ  resistor  in  series  with  the  50  Q input  of  the 
measuring  receiver.  In  comparison  with  the  low  impedance  of  the  test  wire  this  can  be 
seen  as  the  case  "test  wire  open"  arid  the  measured  voltage  is  a criterion  of  the*. capa- 
citive coupling.  The  voltage  across  the  "open"  ends  of  the  test  wire  can  be  calculated 
by  adding  27  dB  to  the  values  indicated  in  the  diagram.  The  upper  curve  is  uhe  result 
achieved  with  pulses  of  20  ns  rise  and  fall  time,  the  lower  curve  with  pulses  of  1 pn 
rise  and  fall  time.  Differences  of  up  to  30  dB  can  be  calculated  from  the  diagram.  The 
capacitive  coupling  is  an  important  factor  for  sensitive  signal  lines  running  in  parallel 
with  the  DDT  cables.  The  maximum  level  coupled  to  the  test  wire  was  70  mV  (at  7 and  15 
MHz).  This  level  can  already  affect  sensitive  systems  and  will  be  increased,  the  more 
the  digital  lines  are  In  the  same  cable  bundle. 
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a comparison  of  the  different  earthing  conditions,  as  shown  in  fig.  8 
view  of  inductive  coupling, 
earthing  possibilities  are: 

at  Tx  and  Rx  end  connected  to  earth, 
at  bulkhead  connector  earthed  on  both  sides, 
at  Tx  end  connected  to  earth, 

at  Rx  end  open. 

at  bulkhead  connector  earthed  on  Rx  side, 
at  Tx  end  connected  to  earth, 

at  Rx  end  open. 

at  bulkhead  connector  through  a pin,  not  earthed  at  the  bulkhead  connector. 

at  Tx  end  open. 

at  Rx  end  connected  to  earth. 

at  bulkhead  connector  earthed  on  Tx  side. 


The  best  solution  is  obviously  case  (a)  which  means  earthing  the  screen  at  both  ends 
( Tx  and  Rx)  and  on  both  sides  of  the  bulkhead  connector.  The  next  possibility  is  case 
(c)  where  the  screen  is  earthed  at  the  transmitter  end  only,  at  the  bulkhead  connector 
fed  through  via  a separate  pin.  The  distance  between  the  best  and  worst  solution  (case 
(a)  and  (d))  can  be  calculated  to  be  up  to  50  dB  (at  500  kHz), 


Pig.  12  shows  the  same  comparison  in  view  of  capacitive  coupling.  Again  case  (a)  can  be 
seen  to  be  the  best  solution,  followed  by  case  (c).  The  distance  between  the  best  and 
the  worst  solution  (case  (a)  and  (d))  can  be  calculated  to  be  again  up  to  50  dB  (at 
300  kHz)  where  it  has  to  be  mentioned  that  case  (d)  (earthing  the  screen  at  the  receiver 
end)  is  not  the  worst  case  for  frequencies  above  600  kHz. 


3.3.  Susceptibility  Tests. 

For  the  susceptibility  tests  the  transmitted  bit  rate  was  reduced  from  64  kBit 
per  second  to  1 Bit  per  second  to  be  able  to  monitor  the  Tx  signal  and  the  received  sig- 
nal by  digital  counters  in  the  form  of  a direct  check.  Any  deviation  betwee.n  the  two 
digital  readings  was  defined  as  a malfunction. 

All  susceptibility  tests  were  performed  with  the  two  DDT  systems:  '' 

(a)  Rise/fall  time  20  ns 

(b)  Rise/fall  time  1 ps 

For  these  tests  the  screen  was  earthed  at  the  transmitter  end,  fed  through  the 
bulkhead  connector  via  a separate  pin  (case  (d)).  This  configuration  was  used  although 
the  most  favourable  solution  for  emission  reasons  was  to  earth  the  screen  at  both  ends 
and  at  the  bulkhead  connector  (case  (a)).  In  view  of  susceptibilities  the  earth  loops 
created  in  case  (a)  act  as  antennas  for  magnetic  fields  and  affect  the  data  transmission. 
A second  reason  is  the-  interference  current  flowing  in  the  aircraft  structure  which 
would  also  flow  in  the  screen  via  a closed  earth  loop  and  would  be  coupled  to  the  data 
cables.  No  susceptibilities  could  be  detected  applying  an  electric  field  of  more  than 
10  V/m  to  the  DDT  system  in  the  frequency  range  100  MH2  to  3 GHz.  This  frequency  range 
was  chosen  because  a lot  of  equipment  in  an  aircraft  transmits  in  this  range  (V/UHF, 
TACAN,  IFF  or  the  RADAR).  No  susceptibilities  could  be  detected  on  applying  a CM  current 
of  30  Amps  at  400  Hz  to  the  test  wire.  This  case  can  certainly  occur  in  an  aircraft. 

Some  susceptibilities  were  detected  applying  10  ps  current  spikes  to  the  test  wire.  The 
susceptibility  limits  were  found  in  the  range  20  to  40  Amps  but  denpendent  on  the 
common-mode  rejection  and  matching  conditions  of  the  used  receivers,  mostly  independent 
of  the  rise  and  fall  time  of  the  transmitted  signal.  Voltage  tests  were  also  performed. 

A CW-signal  of  25  V in  the  frequency  range  100  Hz  to  500  kHz  was  applied  to  the  test 
wire.  No  susceptibility  could  be  detected.  Some  susceptibilities  were  found  on  applying 
voltage  spikes  (10  ps)  to  the  test  wire  at  levels  of  about  200  V.  Again  these  suscepti- 
bilities depend  mainly  on  the  common-mode  rejection  and  good  matching  conditions  of  the 
receiver.  For  some  types  of  receivers  no  susceptibilities  were  detected  although  current 
pulses  of  70  Amps  and  voltage  pulses  of  700  V were  applied. 


4.  CONCLUSIONS 

The  EMC-tests  performed  on  the  proposed  DDT  system  indicated  that  for  suscepti- 
bility reasons  a good  common-mode  rejection  and  the  matching  of  the  line  receiver  is  im- 
portant. Under  realistic  environmental  conditions,  as  expected  ir,  an  aircraft,  only 
susceptibilities  against  spikes  could  be  detected.  In  an  aircraft  the  produced  spikes 
(switching  operations)  should  therefore  be  suppressed  to  nondangerous  levels  (20  A 
current  spikes,  200  V voltaqe  spikes).  Under  this  condition  the  proposed  layout  of  the 
DDT  system  is  satisfactory  which  was  also  proven  with  the  results  of  the  emission  tests. 
The  proposed  transmission  frequency  of  64  kHz  together  with  a rise/fall  time  of  1 ps 
are  satisfactory  to  reduce  the  emitted  interference  to  an  acceptable  level.  A good 
transmission  safety  can  be  achieved  by  means  of  the  proposed  Control  Bits,  a parity 
check  and  a synchronization  check.  A twisted-quad  cable  is  proposed  for  the  transmission 
and  proved  satisfactory.  The  complete  proposed  transmission  system  was  installed  in 
various  aircraft  equipment.  The  experience  gained  from  practical  use  indicates  good 
agreement  with  the  theoretical  evaluations  and  the  results  of  the  performed  EMC-tests. 
Fig.  13  to  15  show  some  photographs  taken  during  the  measurements. 
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Fig.  4 Permitted  distortion  of  waveshape. 
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Fig.  6 Characteristics  of  the  selected  and  tested  data  transmission  system 
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Fig.  10  Comparison  of  two  different  DDT  systems  (capacitive  coupling)  envelop*  of  measured  values. 
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Fig.  1 1 Comparison  of  different  earthing  conditions  (inductive  coupling)  envelope  of  measured  values. 
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Fig.  12  Comparison  of  different  earthing  conditions  (capacitive  coupling)  envelope  of  measured  values 


Fig.  13  Measurement  of  radiated  susceptibility:  the  picture  shows  the  logarithmic  antenna  (0,2  — 1GHz)  and  the 

bulkhead  connector  with  a field  intensity  probe 


Fig.  15  Line  receiver  circuit  in  the  shielded  enclosure  (opened) 
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DISCUSSION 

D.  H.  HIGHT:  Would  you  please  inform  me  of  the  accuracy  to  which  the  line  was  balanced 

and  how  this  was  obtained. 

R.  RODE:  After  connection  of  the  line  driver/receiver  circuits  with  the  connecting 

data  line,  the  transmitted  signal  was  monitored  with  an  oscilloscope  to  check  the  cor- 
rect signal  characteristic.  The  optimal  matching  was  then  achieved  by  adding  a ca- 
pacitor and  a resistor  to  the  line  driver  circuit  until  the  wanted  signal  characteristic 
regarding  overshoot,  undershoot,  pulse  droop,  etc.,  was  reached.  No  measurements  were 
performed  under  unmatched  conditions. 

A.  HOPWOOD:  1)  What  effect  does  the  length  of  the  cable  have  on  the  amount  of  RF 

energy  being  radiated  from  the  cable?  2)  The  HF  transmitter  is  usually  the  cause  of 
most  interference  problems  on  aircraft.  What  susceptibility  tests  did  you  perform  xn 
this  frequency  band? 

R.  RODE:  1)  The  radir.ted  RF  energy  is  directly  proportional  to  the  cable  length  (up 

to  the  first  cable  resonance) , but  the  measured  field  strength  at  a certain  point  is 
then  depending  on  the  looming  of  the  cable.  During  our  tests,  a fixed  length  of  20m 
was  used  simulating  a possible  aircraft  condition.  2)  During  other  tests  also,  the 
range  of  HP  transmitters  (2  to  30MHz)  was  covered  and  no  susceptibility  could  be  de- 
tected on  the  DDT  channels. 

These  tests  were  not  performed  with  field  strengths  above  70V/m  and  therefore,  it 
cannot  be  stated  up  to  now  whether  a susceptibility  in  the  actual  aircraft  with  pos- 
sible field  strengths  of  up  to  60V/m  can  occur  or  not.  Special  on-aircraft  tests  with 
the  HF  system  have  been  established  for  this  reason. 

O.  HARTAL:  From  my  experience  v.wjr  lines  are  a source  of  transient  interference, 

and  from  aircraft  I sun  familiar  v-i.th,  this  current  has  its  return  in  the  aircraft  skin. 
Were  any  of  your  susceptibility  tes’M  conducted  in  this  manner? 

R.  RODE:  No  susceptibility  lasts  have  been  performed  injecting  interference  in  the 

simulated  aircraft  skin.  By  our  opinion,  this  problem  area  is  covered  by  the  tests 
where  interferences  were  injected  in  the  wire  in  parallel  with  the  DDT  cable.  A direct 
injection  in  the  screen  of  the  DDT  cables  in  the  aircraft  is  not  possible  in  our  case 
for  two  reasons : 

a)  The  screen  is  connected  to  earth  on  the  transmitter  end  only  (only  a few  con- 
cessions ware  giver.)  . 

b)  The  DC  return  current  is  flowing  in  Wires  to  a limited  number  of  raised  earth 
points  where  a low  impedance  connection  to  the  central  earth  area  is  guaranteed. 

O.  PIETERSEN : Can  you  tell  me  what  modulation  frequency  you  used  during  the  suscep- 
tibility tests?  (This  in  view  of  the  transmitted  bit  rate  of  1 bit  per  second.) 

R.  RODE:  During  the  susceptibility  tests,  the  same  pulse  coded  modulation  as  for  the 

emission  tests  was  used,  only  reducing  the  transmitted  bit  rate  from  64K  bit  per  second 
to  1 bit  per  second  to  be  able  to  monitor  the  received  signal  directly  by  a digital 
counter . 

J.  C.  DELPECH:  I would  like  to  express  two  comments: 

1)  In  the  Example  you  give,  you  work  at  relatively  low  frequencies  (64  KHz)  with 
climb  fronts  whose  duration  is  approximately  lys.  At  "Aerospatiale",  we  have  carried 
out  measurements  of  interferences  produced  on  a multiplexing  line  made  up  by  a twisted 
shrouded  pair,  in  TTL  logic  at  1M  bits/s.  In  order  that  the  electric  field  produced 
be  below  the  limit  prescribed  by  the  document  00138  of  RTCA,  the  shrouding  of  the  data 
link  line  must  be  earthed  every  two  meters,  which  raises  problems  on  board  an  aircraft. 

2)  This  line  is  also  perturbed  if  there  is  an  induction  coupling  through  which 
runs  the  transient  of  a current  resulting  from  the  disconnection  of  tho  coil  of  a high- 
power  aircraft  switch,  the  length  of  the  coupling  being  3 meters. 


GENERA tIONS  ET  EFFETS  DES  TENSIONS  PARASITES  DE  CONDUCTION  ET  DE 
RAYONNEMENT  ENTRE  ENSEMBLES  D'UN  MEME  SYSTEME 


A.QUIDET 

ELECTRONIQUE  MARCEL  DASSAULT 
92214  - SAINT-CLOUD  - FRANCE 


1.  INTRODUCTION 

Le*  systhmes  alrcportls  font  intervenir  un  nornbre  toujour*  plu*  grand  de  matlriela  plu*  ou 
mo  in*  disperses  dan*  l'avion  et  entre  leaquels  doivent  s'effectuer  de*  Ichangea  d'  information*  precises. 

En  outre,  au  cour*  de  ces  dernihrea  annles,  1' introduction  de*  techniques  numlriquea,  bien 
qu'apportant  de  nombrevx  avantagea  par  ailleura,  a cependant  rendu  plus  difficile  la  cohabitation  d'lqui- 
pements  utiliaant  cea  techniques  nouvelle*  et  ceux  qui  aont  restls  fidhlea  av.x  technique*  traditionnelles 
analogiques. 

11  en  rlaulte  une  importance  accrue  du  problhme  de  la  protection  et,  lea  mlthodea  misea  en 
oeuvre  pour  le  rlsoudre  doivent  dlborder  le  cadre  de  l'lquipement  individuel  travaillant  de  fa^on  prati- 
quement  autonome  pour  8tre  dlsormais  non  seulement  Itenduea  aux  ciblagea  de  l'avion  qui  aasurent 
1' interconnexion  des  Iquipements  compllmentaires,  mais,  auasi,  homoglnlisle*  entre  ces  different* 
Iquipements  pour  rlpondre  4 une  politique  glnlrale  commune. 

San*  ce*te  homoglnlisation,  la  protection  a en  effet  towtes  le*  chance*  d'etre  illusoire  et  eon 
amelioration,  en  cas  de  dlfaut,  eat  extrSmement  difficile  et  lourde  de  consequences  pour  tie  par  dire 
impossible. 

11  eat  alors  hautement  aouhaitable  d'analyaer  lea  principales  sources  d'interflrences  contre 
lesquellea  il  faut  se  prlmunir  et  d'en  dlduire  lea  lignes  directrices  d'une  politique  de  protection. 

Cette  politique  repose  aur  trois  objectifs,  peut-8tre  Evident*,  mais  aouvent  nlgligls.  Ces 
objectifa  aont  les  suivants  : 

- limiter  dans  la  meaure  du  possible  le  nornbre  de  glnlrateura 
de  parasites, 

- rlduire  les  couplages  indlsirables, 

- Ichapper  aux  effeta  perturbateurs  en  choisisaant  pour  le  traitement 
dea  informations  des  method#*  appropriles. 

; De  plu*  les  Iquipement*  alronautiques,  comme  bien  d'autrea,  aont  assujettia  en  ce  qui  concerne 
les  perturbations  llectromagnltiquea  4 der  normes  telles  que  : 

- AIR  510  C Edition  n’  4 du  15/02/1963, 

- MIL  STD  461  A du  01/08/1968, 

- MIL  STD  462  du  31/07/1967. 

A propoa  de  cos  normes,  vieilles  de  cinq  4 dix  ana,  une  question  intlresaante  eat  de  savoir  si 
ellea  aont  bien  adaptlea  aux  techniques  numlriques  r.ouvelle*  et  si  lea  mtnei  cause*  ont  les  rotmea 
effet*  en  analogique  et  en  numlrique.  Mais  ceci  eat  un  autre  dibat. 


2.  COUPLAGES  INDESIRABLES 


D'une  manihre  glnlrale,  lea  couplages  en^re  deux  circuits  peuvent  exister  sous  trois  formes  qui 
peuvent  d'ailleur*  8tre  simultanles  : 

Couplage  rlsiatif  , Couplage  inductif  , Couplage  capacitif. 

Maia  avant  toute  chose,  comment  aont  glnlrls  lea  parasites  7 
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2.1.  Generation  del  parasites 

Le»  gendrateurs  dr  parasites  peuvent  etre  clasaea  en  deux  categories  : 

Lea  di/dt,  lea  dv/dt. 

S 

Lea  una  crient  dea  champa  paraaltea  qui  perturbent  lea  circulta  qu'ila  atteignent  ; lea  autre  a, 
par  le  jeu  dea  capacltla  parasites,  orient  dea  couranta  pouvant  etre  nulaiblea  et  dont  la  repartition  eat 
difficile  It  prlvoir. 

II  faut  done,  dana  la  meaure  du  poaaible,  ivilt r cea  variationa,  ou  tout  au  moina  fixer  leura 
valeura  au  minimum  compatiblea  avec  le  bon  fonctionnement  du  systkme  car  l'amplitude  dea  paraaitea 
engendr^a  eat  inveraement  proportlonnelle  k la  dur^e  dea  fronta. 

L'action  doit  done  porter  aur  la  reduction  de  la  rapiditl  dea  variationa  dea  grandeura  llectriquen 
auivantea  : 


Impedance,  courant,  tension. 

11  faut  eqalement  noter  qu'entre  lea  di/dt  et  lea  dv/dt,  interviennent  lea  circuita  magnetiques  qui 
ae  prdaentent  comme  dea  gendrateura  d'harmoniquea, 

2.2.  Couplage  reaiatif 

Dana  cette  premiere  categorie  entrent  toua  lea  couplagea  qui  ont  pour  origine  un  courant  circulant 
dana  une  branche  commune  k deux  circuita. 

Soit  k titre  d'exemple,  un  dquipement  A devant  exploiter  aoua  forme  eiectrique  quatre  informations 
eiabordea  dans  un  autre  dquipement  B sous  forme  mecanique  et  comportant  par  suite  quatre  potentiomktrea 
de  un  kfl  (figure  1). 

Cea  potentiomfetrea  sont  alimentda  en  tension  de  reference  25  V par  l'equipement  A k travera  des 
cdblages  de  0,  4 mm2  et  d'environ  10  mbtrea  de  longueur. 

Si  le  fil  de  masse  qui  aert  de  reference  eat  l'un  dea  fils  d' alimentation  il  presente  une  resistance 
de  l'ordre  de  500  mil  et  eat  traverse  par  un  courant  de  100  mA  de  sorte  qu’il  existe  entre  lea  deux  points 
"a"  et  "b",  qui  sont  - is  masses  de  reference  respectives  des  deux  equipements,  une  tension  de  50  mV 
e'est-k-dire  de  Z/lOOO  de  la  reference. 

Si  done  lea  potentiomktres  sont  destines  k transmettre  une  information  precise  au  1/1000  un  tel 
montage  est  k rejeter. 

A fortiori,  il  ne  s&urait  etre  question  d'utiliser  des  voies  communes  aux  circuita  de  puissance  : 

Excitation  de  synchro  transmetteurs. 

- Phase  fixe  de  moteurs  diphases. 

Dana  ce  caa,  l'information  serait  non  seulement  fauss^e  en  amplitude  mais  se  verrait  dgalement 
affectee  d'une  quadrature  ou  d’harmoniqueo  riaquant  de  nuire  k son  exploitation  ulterieure. 

A plus  forte  raison  encore,  il  aerait  absurde  d’utiliser,  comme  circuit  de  retour,  la  masse  avion 
dans  laquelle  peuvent  circular  toutes  aortea  de  couranta  k toua  niveaux  et  toutes  frequences. 

La  veritable  solution  consiste  k separer  effectivement  tous  les  circuita  qui  peuvent  avoir  entre 
eux  des  influences  parasites.  On  est  ainai  certain  de  ne  laiaser  subaister  aucune  portion  de  circuit 
commune  (figure  2). 

En  particulier,  il  eat  indispensable  de  conie:  ver  un  caractkre  equipotentiel  aux  circuits  de  masse 
devant  servir  de  reference  de  meaure  et  par  consequent  de  ne  let  faire  parcourir  par  aucun  courant. 

Cette  separation  peut  en  general  etre  obtenue  asaes  facilement  k condition  d'etre  envisagee  suffi- 
samment  tOt  au  cours  de  l'etude  en  ayant  eventuellement  recoura  k dea  transformateurs  d'isolement 
(figure  3). 

Toutefois,  lorsque  1' on  se  heurte  k des  imposaibilites  ou  dea  difficultea  de  realisation  il  y a lieu 
d'enviaager  des  solutions  particular ea  parmi  lesquelles  l'equilibrage  des  circuits  mdrite  d'etre  note 
comme  apportant  une  solution  trfes  satiafaisante.  (Figure  4). 


■IM 
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Cet  fquilibrage  fait  iniervenir  ndcessairement  deux  tensions  d1  alimentation  en  opposition  de  phase 
et  exploitdes  de  telle  sorte  qu'il  y ait  compensation  des  courants  dans  les  circuits  de  retour. 

II  est  & noter  que  cette  chasse  au  trajet  commun  ne  doit  pas  se  limiter  aux  schemas,  mats  elle  doit 
Ctre  poursuivie  jusque  dans  la  realisation  mime  du  cftblage  ; en  particulier  l'dquilibrage  d'un  circuit  doit 
se  faire  le  plus  prhs  possible  de  la  portion  de  circuit  qu'il  s'agit  d'dquilibrer  (Figure  5). 

2.  3.  Couplage  inductif 

Ces  couplages  sont  dus  a Faction  sur  une  boucle  d'un  champ  variable^  gdndralement  crdd  par  un 
courant. 

I Is  sont  proportionnels  k la  frequence,  k l'amplitude  du  champ  et  k la  surface  de  la  boucle. 

Its  sont  d'autant  plus  k craindre  que  la  frequence  du  champ  parasite  est  dlevde  mais  c'est  lk  une 
donnde  du  problbme  sur  laquelle  il  est  pratiquement  impossible  d'agir. 

Les  deux  autres  facteurs  dictent  immddiatement  les  protections  k envisager  : 

Reduction  des  champs  parasites. 

Suppression  des  boucles  ou  tout  au  moins  de  la  surface  offerte  aux 
champs  inducteurs. 

2.3.1.  Reduction  des  champs  parasites 

Lorsque  les  champs  parasites  sont  dus  h des  courants  il  est  souvent  possible  de  les  rdduire  h 
l'origine  mime  en  vehiculant  conjointcment  par  des  fils  torsades,  ou  aussi  vcisins  que  possible,  des 
courants  dont  la  somme  vectorielle  est  nulle  k chaque  instant  : 

- Courants  aller-retour  en  monophase. 

Courants  triphasds  dquilibrds. 

On  peut  espdrer  une  reduction  des  champs  au  voisinege  des  circuits  de  puissance  en  exploitant 
des  blindages  tressds  couramment  utilises  bien  que  moins  efficaces  vis-k-vis  des  champs  dlectromagnd- 
tiqucs  que  les  blindages  continus.  Cela  constitue  une  excellente  precaution  qui  doit  #tre  adoptde  en 
l'absence  d'imperatifs  contraires. 

Pour  require  encore,  au  niveau  des  circuits  de  mesure,  les  champs  parasites  erdds  par  les 
circuits  de  puissance,  le  trajet  de  ces  rdseaux  sera  dtudid  de  fa^on  k les  dloigner  le  plus  possible, 
surtout  dans  les  portions  parallhles. 

Comme  au  niveau  des  circuits  de  puissance,  le  blindage  des  circuits  de  mesure  permet  d'escompter 
une  reduction  des  champs  susceptibies  d'atteindre  los  conducteurs. 

Si  un  couplage  inductif  est  inevitable  on  peut  dtudier  la  possibilite  d'annuler  son  effet  en  induisant 
volontairement  des  courants  suppldmentaires  ddphasds.  Ceci  peut  Stre  rdaliad  k l'aide  de  petits  trans- 
formateurs  rdglables  (figure  6). 

Pour  rdduire  encore  le  couplage  inductif  k un  niveau  acceptable,  il  peut  dtre  ndeessaire  d'installer 
des  blindages  magndtiques  qui  cor.stitueront  de  vdritables  courts-circuits  mime  aux  basses  frequences. 

2 . 3.2.  Suppression  des  boucles 

Finalement  les  champs  dlectromagndtiques  n'auraient  aucune  action  parasite  s'il  n'existaic  pas  de 
boucles  dans  les  circuits  de  mesure. 

Le  grand  principe  consiste  done  k dviter  toute  boucle  et  k rdduire  au  maximum  la  surface  de 
celles  qui  ne  peuvent  #tre  dvitdes. 

Le  premier  point  s 'applique  en  particulier  aux  circuits  de  masse  servant  de  rdfdrence  de  mesure. 

Il*  doivent  ndeessairement  presenter  une  structure  en  arbre  ou  en  ar6te  de  poiason  et  ne  jamais 
se  boucler  sur  eux-mlmes. 

En  ce  qui  concerne  les  blindages,  il  ne  aemble  pas  que  dans  les  applications  analogiques  actuelles. 
l'existence  de  boucles  de  masse  par  mise  en  parallkle  de  plusieurs  blindages  et  connexion  k la  masse  aux 
deux  extrdmitds  soit  pratiquement  lourde  de  consequences. 
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II  n'en  reate  pea  moina  vrai  que  la  prdsence  de  bouclea  eat  peu  aouhaitable.  Objeta  de  couplagea 
inductile  et  rdsiatifs  cee  bouclagea  non  ndceaaaires  a priori,  interdiaent  en  outre  la  connaissance  prdcise 
dea  diatrlbutiona  dea  couranta  capacitifa  que  lea  blindages  en  tant  que  protection  dlectrostatique  aont 
prdciadment  chargds  de  ddriver  4 la  maaae  et  par  auite  nuiaent  k leur  utiliaation  convenable  ainai  qu'k 
uno  miae  au  point  facile  en  caa  de  difficultds. 

Ce  aont  lk  dea  raieona  auffisantea  pour  conaiddrer  que  lea  blindagea  ne  doivent  pae,  en  gdndral, 

6tre  interconnectda  auivant  une  atructure  maillde,  maia  au  contraire  Btre  iaolda  entre  eux  aur  toute  leur 
longueur  et  relide  k la  maaae  auivant  une  atructure  en  arbre. 

Pour  rdduire  la  aurface  dea  bouclea  indvitablee,  et  en  particulier  toutea  lea  foia  qu'une  information 
aera  diaponible  en  "flottant",  on  aura  recoura  aoit  au  conducteur  coaxial  aoit  aux  fila  toraadda. 

Le  fil  coaxial,  ou  k la  rigueur  le  fil  blindd  iaold  (loraque  aa  capacitd  n'eat  paa  gknante),  dana 
lequel  le  conducteur  central  aert  de  circuit  aller,  le  retour  dtant  aaaurd  par  la  gaine  extdrieure,  prdaente 
une  boucle  de  aurface  pratiquement  nulle  et  conatitue  la  meiileure  aolution  en  tant  que  protection. 

II  a l'inconvdnient  de  ndceaaiter  pour  chaque  liaison  deux  brochea  par  prise  et  parfoia  de  ndcesaiter 
dea  priaes  spdciales. 

Par  ailleura,  la  capacitd  du  blindage  par  rapport  k la  masse  peut,  dans  certains  caa,  fermer  la 
boucle  et  donner  lieu  k un  courant  de  circulation  crdant  un  couplage  rdaistif  (figure  7). 

Pratiquement,  une  protection  pveaque  aussi  efficace  eat  obtenue  par  l'utilisation  de  deux  fils 
toraadda  sous  blindage  qui  par  ailleura  n?  ndeessitent  pas  de  prises  spdciales. 

Lea  fila  toraadda  prdsentent  en  outre  l'avantage  par  rapport  au  coaxial  de  permettre  lea  liaisons 
par  plua  de  deux  conducteur  a. 

2.  4.  Couplage  capacitif 

II  y a couplage  capacitif  toutea  lea  foia  qu'existe  aux  bornea  d'une  capacitd,  tine  diffdrence  de 
potentiel  variable. 

Cette  capacitd,  en  refermant  le  circuit,  dorjie  lieu  k dea  couranta  qui  peuvent  erder  un  couplage 
rdaistif  inddairable. 

L1  importance  de  cea  couplagea  eat  dvidemment  proportionnelle  k : 

- l'amplitude  et  la  frdquence  de  la  diffdrence  de  potentiel  variable, 

- la  valeur  de  la  capacitd  de  couplage, 

- le  niveau  d'impddance  du  circuit  suivi  par  le  courant  de  ddfaut. 

La  protection  vis-k-vis  de  cea  couplagea  capacitifa  rdsulte  directement  de  cea  conaiddrationa. 

Sous  une  forme  ou  sous  une  autre,  cette  protection  consists  : 

- k rdduire  l'amplitude  dea  diffdrences  de  potentiel  aux  bornea  dea  capacitds  parasites  en  fixant 

de  fa$on  convenable  lea  potentiels  dlectroatatiques  dea  circuits  non  relids  par  rdsistance, 

k rdduire  la  valeur  dea  capacitda  parasites  entre  lea  circuits  ndeesaairement  k dea  potentiels 
diffdrenta  et  variables,  aoit  en  lea  dlnignant,  aoit  en  ajoutant  en  adrie  aver  la  capacitd  parasite 
une  capacitd  plus  faible  (utilisation  de  coaxial  par  exemple), 

k canaliser  lea  couranta  de  ddfaut  pour  dliminer  lea  couplagea  rdsistifs  inddsirables. 

Sana  avoir  la  prdtention  d'enviaager  tous  lea  caa  possibles  extrdmement  varids,  quelquea  exemples 
vont  permettre  d'illustrer  cea  conaiddrationa  (figure  8). 

Soit  un  tranaformateur  bobind  "deux  fila  en  main"  (primaire  et  secondaire  bobinds  simultandment) 
et  prdaentant  de  ce  fait  une  capacitd  parasite  importante  entre  enroulement  primaire  et  aecondaire,  le 
secondaire  dtant  supposd  relid  k la  maaae  en  A,  divers  caa  peuvent  fitre  envisagds  : 

le  primaire  peut  fitre  laiasd  entikrement  flottant  ; son  potentiel  dlectroctatique,  fixd  alovs  unique - 
ment  par  dea  capacitda  parasites  peut  fitre  quelconque  ce  qui  eat  trks  gtnant  a'il  se  trouve  k 
proximitd  de  circuits  k haute  tension  et  frdquence  dlevde, 
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- en  l'absence  d'impEratifa  contrairea,  11  y a done  gEnEralement  IntErtt  k fixer  ce  potentiel  en 

rEunissant  l'un  dea  point ■ prlmairea  k un  potential  voiain  du  potentiel  secondalra  et  en  particulier 
k la  maaae  ; toutefois,  le  choix  du  point  k mettre  k la  maaae  n'eat  paa  indifferent  : 

dana  un  caa  la  difference  de  potentiel  aux  bornea  dea  capacitea  paraaitea  eat  maximale  tout 
au  long  dea  enroulementa  et  il  en  rEsulte  un  courant  de  defaut  important  qui,  en  retournant 
k la  maaae  k travera  I'enroulement  donne  lieu  k dea  couplagea  rEsistifc  qui  peuvent  6tre 
extrkmement  gfinanta, 

au  contraire  dana  l'autre  caa,  lea  capacitea  paraaitea  aont  aoumiaea  k dea  differencea  de 
potentiel  minimalea  et  le  defaut  precedent  eat  reduit, 

toujoura  en  l'abaence  d'imperatif  contraire,  (minimisation  de  la  aelf  de  fuite  par  exemple),  une 
meilleure  aolution  conaiate  k reduire  la  capacPE  paraaite  entre  enroulementa  en  bobinant  sEpa-. 
rement  primaire  et  aecondaire, 

enfin,  une  dernikre  amelioration  conaiate  k introduire  entre  lea  deux  bobinagea  un  ecran  VeliE  k 
la  maaae  par  un  circuit  k trhs  faible  impedance.  Cet  ecran  tout  en  rempla£ant  lea  capacitea 
paraaitea  par  d'autrea,  peut-Etre  mtme  plua  gr»  ’dea,  a l'avantage  de  deriver  k la  maaae  lea 
couranta  de  dEfauts  par  un  circuit  diatinct  du  circuit  de  meaure,  parfaitement  connu  et  qui,  n'Etant 
paa  aoumia  aux  mtmei  exigencea  que  le  circuit  de  meaure  peut  Etre  eventuellement  plua  facilement 
etudie  pour  remplir  au  mieux  la  fonction  qui  lui  eat  devolue. 

Cet  exemple  du  transformateur  a permia  de  grosair  lea  phEnombnea  et  de  leB  rendre  par  auite  plua 
facilement  acceaaiblea. 


3.  LIAIfONS  POUR  TRANSMISSION  D'INFORMATIONS  NUMER1QUES 

Lea  nouveaux  systbmea  qui  aont  mia  en  place  aur  lea  avions  modernea  utiliaent  de  plu8  en  plua  pour 
lea  echangea  d'informationa  entre  lea  Equipements  compoaant  cea  systbmes,  la  technique  numErique  de 
liaiaon  multiplexEe  ou  liaiaon  omnibua. 

Par  definition,  une  liaison  omnibus  eat  une  liaison  physique  k 2 conducteurs,  ou  davantage,  alimentEe 
k l'une  de  ses  extremitEs  par  un  gEnErateur,  et  chargee  de  transmettre  une  information  de  nature  quelconque 
k plusieurs  rEcepteurs  disposes  sur  le  cheminement  de  la  liaiaon. 

Sans  entrer  dana  le  detail  de  ce  type  de  liaiaon,  il  est  cependant  trbs  utile  de  noter  1' importance  de 
cette  liaison,  Eventuellement  redondante,  qui  eat  l'unique  support  d'Echanges  entre  les  Equipements  com- 
posant  le  systbme. 

D'oti  les  nombreusea  prEcautions  qui  doivent  fitre  prises,  en  particulier  vis-k-vis  dea  perturbations 
ElectromagnEtiquea,  pour  assurer  une  sEcurite  de  fonctionnement  ElevEe 

Parmi  ces  prEcautions,  lea  liaisons  de  masses  entre  Equipements  sont  particulibrement  intEressan- 
tea  k examiner. 

Pour  ce  faire,  il  est  utile  d'analyaer  lea  conaEquences  de  l'apparition  de  tensions  parasites  et  lee 
effets  de  ceux  qui  sont  induits  par  rayonnement. 

De  telle  sorte  que  les  effets  des  blindages  peuvent  Etre  Etudies  et  un  mode  de  connexion  prEconisE. 
3.1.  Liaisons  de  masse  entre  uouipemer.ts 

Chaque  Equipement,  ensemble  ou  sous -ensemble,  partie  d'un  systbme  possbde  une  masse  mEcani- 
que  qui  doit  toujoura  fitre  distincte  et  isolEe  de  sa  masse  Electrique. 

La  masse  mEcanique  doit  Etre  rEunie  localei  ent  k la  structure  par  1'intermEdiaire  soit  de  tresses 
metalliques,  soit  dea  fixations  mEcaniques  dans  l'aeronef. 

Lorsqu'un  ensemble,  entrant  dans  un  systbme,  est  compose  de  plusieurs  aous-ensembles,  tous  de 
mtme  conception,  et  formant  un  tout  dans  lour  fonction,  il  eat  frEquent  d'organiser  les  masses  Electriques 
de  la  manibre  auivante. 

Au  niveau  de  chaque  sous-ensemble,  la  masse  Electrique  est  la  rEunion  de  plusieurs  autres  masses 
(par  exemple,  masse  logique,  masse  analogique,  reprise  blindage,  etc...)  (Figure  9).  Toutea  les  masses 
Electriques  (ME)  Emanant  de  ces  sous-ensembles  sont  rEunies  en  un  noeud  commun  au  niveau  du  sous- 
ensemble  principal,  ou  dEsignE  comme  tel  (en  gEneral,  celui  qui  re^oit  l'Energie  primaire  qu'il  distribue 
enauite). 
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La  connexion  da  la  maasa  dlactrlque  principals  (MEp)  aat  alora  rdunie  an  un  aaul  point  da  la 
atructure.  Ce  point,  servant  da  rdfdrenre  da  maaae  aux  gdndrntricea  de  bord,  eat  ddnommd  coeur 
dlectrique. 

Lor  aqua  pluaiaura  enaemblea  ou  dquipements,  compoaitea  ou  non,  aont  raesemblds  pour  conduira 
k un  syatkme,  chacun  d'eux  doit  done  8tre  rdunl  par  one  connexion  unique  (MEp)  k ce  point  da  rdfdrence. 

II  rdsulta  da  catte  atructure  an  "arbra"  que  toua  lea  dquipements  devrtient  etra  dquipotentlels,  ai, 
comma  cela  doit  Ctre,  aucune  circulation  da  courant  ne  s'effectue  dana  lea  connexion!  MEp  (Figure  10). 

Ainai,  il  apparatt  que  ai  lea  dquipements  aont  corractament  rdaliads  at  al  la  coaur  dlectrique  eat 
bien  un  point  de  rdfdrence  k peu  prks  ponctuel,  aucune  difference  da  potential  na  davralt  axiatar  entre 
2 dquipementa.  Comma  toutea  lea  condition!  ci-deaaus  ne  pauvent  ou  na  aont  paa  entlferament  reapeetdea , 
dea  tenaiona  paraaitea  apparaiaaent  r.ntre  lea  divera  enaemblea  d'un  syatkme.  Lea  tanaiona  aont  an 
gdndral  compoaitea  dana  leur  nature  (continu,  alternatif,  frequence.  , . ) maia  laur  amplitude  raata  cepen- 
dant  aaaas  faible  (quelquea  ceitaines  de  mV  k quelquea  volta  au  plus). 

II  an  eat  da  mime  en  ce  ./ui  concerne  lea  diffdrences  de  potential  paraaitea  entre  maaaea  mdcani- 
quea.  Cea  priaea  de  massas  multiplex  aur  une  structure  qui  aert  de  retour  k dea  couranta  parfola  intensea 
(gdndration  de  bord)  ne  aont  paa  davantage  dquipotentielles.  Cependant,  leur  effet  eat  blen  moindre  car, 
ainai  que  nous  l'avons  vu  prdeddemment,  lea  maaaea  mdcaniques  aont  Isoldes  dea  circuits  dlectriques  et 
n'ont  done  pas  une  influence  directe  aur  ceux-cl. 

Loraqu'une  liaison  par  ligne  bus  eat  dtablie  entre  plusieurs  enaemblea,  cea  tensions  paraaitea 
entre  maaaea  dlectriquea  se  manifesteut  et  peuvent  se  presenter  schdmatiquement  par  une  source  VmE 
connectde  entre  lea  2 ensembles  (Figure  11). 

3.2.  Consequences  de  l'apuarition  de  tenaiona  parasites 

Du  fait  de  la  presence  de  la  source  Vj^E*  lea  circuits  d'interface  Emiesion/Rdception  voient  la 
tension  parasite  VmE  auperpoaee  au  signal  utile.  Autrement  dit,  un  recepteur  voii  sur  sea  2 entrees  cette 
tension  Vjje  on  mode  commun,  celle-ci  a'additionnant  au  signal  k recevoir  loraque  celui-ci  eat  present. 

II  apparaft  done  la  necessite  : 

a)  d'assurer  une  admission  suffiaante  en  tension  de  mode  commun  dea  rdeepteurs, 

b)  de  rdaliser  un  iaolement. minimal  entre  les  circuits  d'dmiasion-rdception  et  la  ligne  bus, 
ceci  afin  de  limiter  le  couvant  de  circulation  qui  ae  trouve  erdd  dans  la  boucle  (figure  11). 

Cet  iaolement  peut  *tre  dlevd  en  continu  et  jusqu'aux  frequences  hautea  si  l'on  emploie  au  niveau 
de  cheque  interface,  dea  organea  de  couplage  du  genre  transformateurs  ou  diapoaitifs  opto-dlectroniquea. 
En  rd&litd,  un  iaolement  aussi  dlevd  n'eat  paa  indispensable  : on  peut  admettre  que,  tant  que  la  courant 
parasite  ainsi  erdd  reste  infdrieur  k quelquea  % du  courant  de  circulation  normal,  l'effet  reste  ndgligeable. 
Ceci  montre  que,  quelquea  centaines  d'ohma  k quelquea  kfl  peuvent  auffire  pour  aasurer  un  ddcouplage 
satisfaiaant.  A noter  que  ce  raisonnement  n'eat  valable  que  parce  qu'il  s'agit  de  liaisons  sur  lesquelles 
circulent  dea  informations  numdriquea.  II  en  ivait  tout  autrement  s'il  s'agissait  de  liaisons  analogiques 
pour  lesquellea  on  s'attache  eaaentiellement  k la  qualitd  du  signal. 

Via-k-via  dea  tensions  parasites  apparaiaaant  en  mode  commun  sur  lea  entrdes  du  recepteur, 
cea  tenaiona  ne  donneront  pas  lieu  h signal  de  sortie,  tant  que  leur  amplitude  sera  dans  les  limites 
acceptdes  par  le  rdeepteur  et  tant  que  celui-ci  aura  une  rdjection  suffiaante  pour  cea  tensions  en  mode 
commun.  Les  caractdristiquea  du  rdeepteur  seront  done  k dtudier  et  optimiser  k ce  point  de  vue.  De  plus, 
la  symdtrie  de  la  ligne  devra  Stre  rdalisde  avec  aoin,  ainon,  toute  dissymdtrie,  soit  sur  la  ligne,  soit  au 
niveau  des  dldments  dmetteurs  et  rdeepteurs  qui  lul  aont  associds,  tranaformera  les  tensions  en  mode 
commun  en  tensions  diffdrentiellea.  Cellea-ci  seront  alora  interprdtdes  comme  un  signal  utile. 

Pour  la  part  de  tenaiona  parasites  apparaiaaant  ainsi  en  diffdrentiel  la  protection  doit  Ctre  recher- 
chde  au  niveau  du  rdeepteur  par  une  caractdriatique  de  transfert  k hystdrdsis  et  la  mise  en  place  d'un 
rdseau  de  filtrage  approprid. 

3.3.  Effet  des  parasites  induita  par  ravonnement 

Les  liaisons  par  lignes  bus  bifllaires  peuvent  voiainer  des  lignes  parcouruea  par  deo  couranta 
commutda. 


I. cis  carsctArtstlques  H survellier  su  point  tin  vue  dr  In  susceptibility  des  Unisons  bus  sunt  ■ 

Is  cooping?  nvrc  Irs  cables  vdhicuUnt  css  coursnts,  famplttude  it?  css  courants  et  leur  frequence  de 
commutation.  Des  coursnts  parasites  lmpolsionnrls  peuvent  Ur*  indolts  dsns  In  ligne,  donnnnt  na  Usance 
<\  Ocs  tensions  rn  mode  common,  tl'on  nlvesu  trb«  supAileur  <t  celol  meiil  inline  precedeininent,  On  prut 
en  ohlffrer  I'orilrr  do  grnndeur  de  U disnlne  aw  milller  de  volts,  scion  les  conditions.  Fort  lirurrnsrmriit. 
leur  diirbe  est  brlve  et  ce*  tensions  nr  compromettent  pns  en  gAnAral  le  fonctionnement  des  constltonnts 
A led  roniques  de  In  tigne.  Oeux-ci  sopporteot  eu  fonctionnement  Impolsionnel  A (ulble  fnctenr  de  forme, 
des  cnrscterlstiques  dynnmlques  trb*  supdrleures  <V  leurs  caracterlstlqura  en  regime  statiqoe. 

Us  protection  des  Unisons  bus  vis-K-vis  de  ces  pnrnsites  utilise  cette  propriety  et  l'on  s'efl'orce 
ninsi  d'obteuir.  en  stutlque,  one  bonne  Immunlte  nux  pnrnsites  de  mode  common  (HO  <l  100  volts  |tnr 
exetnple)  gnrnntlssnnt  par  Ih,  one  bonne  tenor  vit-h-via  de  parasites  A uiveso  Aleve,  (.Vest  ninsi  qoe  lies 
experimentations  de  |mrnsitnge  sur  ligne  bus  out  eu  lieu  *t  I'KI.KOTItONimiK  MA’HOKl.  11ASSAUI.T, 

\ . t , 1 . Cirnernteor  de  parasites 

Poor  effeetuer  les  essals  de  kusceptibilite  electriqoe  des  llgnes  bus,  tin  geuerateur  de  parasites 
a Ate  developpe  PKI.KCTRONIOUK  MARCKl,  DASSAUl.T, 

tin  nototransformateur,  allmento  par  le  rAseau  400  Its  permet  in  charge  il'wn  coudeusateor  de 
1 pK  sous  one  tension  de  1000  !<  H000  volts  (figure  Id),  lit!  voltmbtre  contrAle  la  tension  de  charge, 

Lu  discharge  brutnle  <lu  eondensnteur  est  prov.upiee  par  In  fermeture  il'wn  contact  de  relnis,  t'.e 
relals  est  command?  par  un  interrupteur  extern?  ailment?  sous  dtl  volts.  II  est  possible  de  provoquer  celt-’ 
decharge,  soli  dlreciemeut  dans  le  fil  de  parasitage  avec  un  eelnteur  Interne  nu  genernteur,  soil  nvec  un 
Adnteur  externe  au  geuerateur. 

Pour  le  premier  type  de  loitctlonue.ment.  le  fit  de  parasitage  est  couple  A la  ligne  de  transmission 
par  ehemlnement  purallble,  Selon  la  tension  do  charge  du  comlensatenr,  le  cotiraut  crAte  parcourant  le 
111  tie  pnrnsitngi  ade  lie  dMI  ^ dOOO  ampbres  avec  une  pseudo -perlotle  i|e  1,  S pn  ,’0  ps.  l.e  couplnge 
entre  le  bttuilag,  ,lu  bus  et  le  III  de  parasitage,  selon  le  type  de  bus,  varie  out  i e I .*  et  I,  Ailisi,  le  com  ant 
Induil  dsns  le  blindage  du  bus  varie  entre  Id.H  et  1000  ampbres, 

l.e  deuxtbme  type  de  fonctionnement  permet  if  Oulu  l re  il.ios  le  blindage  un  couraut  analogue  au  pre- 
cedent en  ipproebant  de  I'cdaleiir  externe  vine  prise  lie  raccorilement  du  bus. 

Men  quo  les  resultats  oblemts  soieul  plus  qualltatiis  quo  ipiautitat its,  cause  des  difficult?*  de 
mesures,  les  coiictustinis  suivtiutes  pe.ivent  Atre  dounees,  l.es  resultats  relatils  A une  longueur  de  100  mb- 
tres  setnblenl  montrer  quo,  quelle  que  soil  la  configuration.  le  bus  est  parasite  pour  une  tension  de  4000  A 
H000  veils,  oe  qti.;  correspond  A un  courant  crAte  de  parasitage  de  <00  ampbres,  soil  une  puissance  crAte 
de  parasitage  de  forilre  de  1,  H megawatts 

< ,4 , Kite!  des  bltiidnues  et  mode  de  connexion 

l.e  blindage  envetoppaiit  la  ligne  blfllalre  rempllt  tout  ifabonl  un  rAle  ifecran  electrostatique , 
Knsuite,  pour  une  liaison  dlltcreiitletle,  II  est  Important  de  savolr  comment  connecter  le  blindage  de  la 
ligne  bitilaire, 

Four  une  transmission  de  grniuleurs  analogtques  pour  taquelle  la  precistor  est  prlmordlale,  mi 
courant  permanent  ile  circulation  dans  le  blindage  risque  d'lndulre  sur  la  ligne  un  courant  trap  important 
pour  malntenlr  la  precision  vonlue,  Four  cette  raison,  le  blindage  n'est  mis  ^ la  masse  qu\\  une  smile 
ext  remit?. 


Four  une  liaison  immerlque  dlfierentlello,  to  precision  des  tensions  en  ligne  est  secondalre  et  les 
courants  permanents  de  circulation  tlaus  le  blindage  lii.luiseiit  en  mode  eonimvin  sur  la  ligne  lies  tensions 
de  quelques  mitlivolts  qui  lie  porturbent  pas  la  liaison.  I.orsque  le  blind. ige  est  reimi  A la  masse  aux 

extremities,  ll  se  comporte  vis-N-vls  lies  parasites  de  la  mbnie  lai^on  que  l.t  tigne  if  information  en  mode 
coinmun,  nulls  avec  une  impedance  beaucoup  plus  laible  (llgurr  10. 

Kti  effet,  la  lioucte  de  masse  (blindage  I liaison  de  masse)  et  la  liaison  (ligne  I liaison  de  ntasje) 

• out  countees  de  la  mAme  ta<;on  ^ une  source  de  parasites  quelconque.  dr  svstbmc  est  equivalent  .1  un 
transforiuateur  A .1  secondaires  identlques  et  atlmeute  au  prima ire  par  un  geuerateur  A puissance  cons- 
tante  I',  F etant  la  puissance  crAte  de  parasites  disponilile.  I.orsque  le  blindage  n'est  relie  qifli  iinr 
cxtrAmltA,  ie  i ircuil  (l)  equivalent  est  ouvert  (figure  141  el  toute  la  puissance  dclivrce  par  le  geuerateur 
est  dtssipee  dans  la  liaison  (circuit  (.'.)  ) et  induil  aux  bonira  de  ,'.  liaison,  une  tension 

Vo  V F /.  liaison. 

Uornqut’  lo  hliiulagr  t'»l  r r* H <iux  ^ r*xt  It'  (I)  oqui vaitMit  c'xl  icrnu'  but  /.  hmulr 

ilt*  lu.kMc  (ligurr  l 0. 
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La  puisaance  P ae  rdpartit  antra  laa  impedance*  da  la  boucle  da  maaae  at  da  la  liaiaon  at  induit 
aux  borne*  da  Z liaiaon  une  ten* ion  : 


Z llaiaon  x Z boucle  maaae 
Z liaiaon  + Z boucle  maaae 

Si  Z boucle  da  maaae  = 0,  V'q  eat  nulla.  En  pratique,  catte  impedance  n'eat  paa  nulla,  maia  reata 
faible  at  la  gain  obtenu  eat  alora  : 


Vn  \l.  Z Hal « on 

V'q  V Z boucle  maaae 

Ce  gain  peut  #tre  notable  at  peut  verier  da  2 It  10  aelon  laa  caa. 


4.  CONCLUSION 


En  faiaant  la  relation  antra  lea  d4veloppementa  qui  prlcfcdent.  il  apparatt  qua  lea  technique*  da 
raccordement  dea  blindage*  pour  la  tranemUaion  d' information*  analogique*  ou  pour  celle  d' Information* 
num^riquea  aont  diff^rentea.  En  effat,  la  fait  da  rdunir  la  blindage  aux  2 extrlmitla,  c'eat-k-dire,  k la 
maaae  dea  2 enaemblea,  ae  r^vbla  bdndfique  lorequ'il  a'agit  da  la  tranamiaaion  d'information*  mundri- 
quaa  car  la  quality  du  aignal  tranamia  n'a  paa  la  mtme  importance  que  dan*  le  caa  d'una  iranamiaaion 
d'informationa  analogique*.  L'application  de  rette  technique  a pu  6tre  v^rifide  par  experimentation  en 
conatatant  en  particulier  que  I'effet  du  courant  dQ  k la  aource  paraaite  Vj^g  eat  d'autant  moina  aenaible 
aur  la  liaiaon  loraqu'il  parcourt  le  blindage,  ce  qui  pebt  aembler  a priori  paradoxal. 


Fig.  3 Dicouplage  par  transformateur  d’iioiement  Fig.  4 Dteoaplage  par  dquilibragc 
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Fig.  7 Couian*  de  circulation  d£i  i la  capacity  d’un  blindage 


Fig.  8 Couplage  capacitif  d’un  transformateur  bobin6  “2  fils  en  main” 


Fig.  9 Organisation  des  masses  entre  sous-ensembles.  MM  = Masse  m^canique,  ME  = Masse  eleetrique 
MA  = Masse  analogique,  ML  = Masse  logique,  RB  = Reprise  blindages 
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Fig.  13  Boucle  de  masse  crEEe  par  le  blindage.  (Z  Liaison  = Z Ligne  + Z Liaison  de  masse 
Z Boucle  de  masse  = Z Blindage  + Z Liaison  do  masse) 


Fig.  14  Schema  Equivalent  avec  blindage  cn  circuit  ouvert 


Fig.  16  Configuration  schEmntique  d’une  liairon 
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THE  REDUCTION  OF  ELECTROMAGNETIC  COMPATIBILITY  DUE  TO 
NON-LINEAR  ELEMENTS  AND  UNINTENDED  RANDOM  CONTACTING  IN  THE 
PROXIMITY  OF  THE  ANTENNAS  OF  HIGH-POWER  RF-TRANSMITTERS 


K.Landt 
Siemens  AO 
8000  Munich  70 
Hofmannstrafle  51 
Germany 


SUMMARY 


With  the  aid  of  selective  filters  it  is  possible  to  almost  completely  eliminate 
harmonics,  spurious  emissions  and  wideband  interfering  signals  on  the  output  of 
RF- transmitters , even  those  operating  at  very  high  output  powers.  These  interfering 
signals  are  again  generated,  if  non-linear  junctions  or  unintended  random  contacting 
creates  secondary  radiation  sources  in  the  proximity  of  the  transmitting  antennas. 

The  problems  indicated  will  be  discussed  with  reference  to  an  example  for  the 
co-site-installation  of  a UHF-unit  and  an  Avionic-device  in  an  aircraft,  as  well  as 
on  the  example  of  an  installation  on  board  a ship. 

Possible  means  of  overcoming  these  problems  are  outlined  in  the  paper.  So  far, 
satisfactory  solutions  have  not  been  achieved  in  all  cases.  Therefore  it  is  important 
to  know  that  sometimes  unavoidable  spectrum  pollution,  due  to  the  effects  previously 
described,  might  occur  in  the  proximity  of  the  antennas  of  high-power  RF-transmitters . 
This  has  to  be  taken  into  account  by  the  frequency -management. 

The  paper  deals  with  a considerable  problem  in  the  electromagnetic  environment  of 
avionics  and  communications-electronics  systems. 


1 . INTRODUCTION 

Nowadays  it  can  generally  be  taken  for  granted  that  the  significance  of 
electromagnetic  compatibility  (EMC)  for  tactical  defense  systems  is  understood.  A 
high  degree  of  EMC  is  required  for  these  syst  is  to  fulfill  their  missions.  In  such 
complex  electronic  / 'systems  sensitive  receivers  and  high-power  transmitters  must  very 
often  be  operated  simultaneously  in  adjacent  frequency  ranges. 

The  possible  interaction  between  transmitters  and  receivers  in  the  same  system 
(aircraft,  ship  or  tactical  vehicle)  via  cabling  - the  power  and  the  interconnecting 
lines  - can  easily  be  controlled. 

If,  however,  the  transmitters  and  receivers  influence  each  other  in  the 
radiation  field  of  the  antennas  the  remedial  measures  can  sometimes  be  very  complex 
and  expensive.  The  a Amplest  measure  - increasing  the  isolation  by  increasing  the 
distances  between  the  interference  sources  and  between  susceptible  receivers  - is 
not  feasible  in  view  of  the  lack  of  space  in  typical  air-,  naval-  and  ground -weapon- 
systems  . 


Two  possible  causes  for  the  reduction  of  EMC  for  radio  transmission  of  in- 
formation will  be  dealt  with  below.  A quantitative  assessment  should  provide  a guide 
to  the  conditions  under  which  the  effects  described  are  likely  to  occur.  Possible 
remedies  will  be  discussed. 


2.  EMC  CHARACTERISTICS  AT  THE  ANTENNA  TERMINALS  OF  TRANSMITTERS  AND  RECEIVERS 
2.1.  Transmitters 

A transmitter  prlmarly  produces  RF  energy  at  a specified  frequency  in  order  to 
radiate  information.  The  radiated  signal  requires  a certain  bandwidth,  depending  on 
the  type  of  modulation  used. 

In  addition  to  this  desired  radiation  every  transmitter  also  produces  a number 
of  undesirod  spurious  emissions,  which  can  be  classified  as  follows: 

1 ) the  emission  of  harmonics  of  the  operating  frequency  and  of  the  master 

oscillator  frequency  *’ 

2)  non-harmonic  emissions  - all  the  remaining  unwanted  descrete  frequencies 
generated  which  are  not  harmonically  related  to  the  frequencies  produced  in  the 
transmitter 

3)  Broadband  noise. 


Fig.  1 shows  these  signal  components 


„ — The  typical  appearance  of 
components  over  a wide  frequency 


such  a transmitted  signal  containing  all  these 
range  is  shown  in  Fig.  2. 


The  substantial  reduction  in  spurious  emissions  vpperent  in  Fig.  2 indicates 
that  this  transmitter  is  already  provided  with  an  effective  output  filter,  as  is 
customary,  to  suppress  the  spurious  emessions  (White,  D.R.,  1973).  With  a mors 
complex  filter  arrangement  a further  reduction  for  the  frequency  range. 


• f/f0T  <0.5  and  f/fQT  £ 2 

can  easily  be  achieved. 

Normally  these  spurious  emissions  are  additionally  attenuated  along  the 
propagation  path  from  the  transmitting  antenna  to  the  antenna  of  the  sensitive 
receiver  to  such  a degree  that  interference-free  reception  is  guaranteed.  This 
is  also  true  if  the  transmitter  and  receiver  are  located  side  by  side  in  the 
same  system,  id  est  in  the  air-craft,  on  the  ship  or  in  the  tactical-vehicle. 

This  only  applies,  of  course,  if  the  transmission  path  has  an  exactly  linear 
transfer- function  response  in  the  antenna- assembly  and  in  the  radiation  field. 


2.2.  Receivers 

Fig.  3 shows  the  typical  sensitivity  characteristics  of  a receiver  as  a 
function  of  the  frequency  at  its  antenna  terminal.  The  receivers  normally  employ 
adequate  means  of  selectivity  in  front  of  the  first  mixer  so  that  undesired  spurious 
responses  are  reduced  by  about  60  to  80  dB,  For  our  further  considerations  the 
receiver  characteristics  are  only  for  interest  with  respect  to  the  actual  operating 
frequency  of  the  receiver. 


3.  EMC  PROPERTIES  OF  THE  TRANSMITTING  AND  RECEIVING  ANTENNAS 

The  use  of  directional  antennas  also  increases  the  isolation  between  trans- 
mitters and  receivers  in  the  radiation  field.  For  tactical  reasons  only  omni- 
directional antennas  are  used  in  the  case  of  mobile  systems  below  1 GHz.  These 
antennas  must  of  necessity  be  vertically  polarized  so  that  an  isolation  gain  cannot 
be  achieved  by  using  cross-polarization. 

Furthermore .the  gain  of  the  antennas  outside  their  operating  frequency  range 
is  of  decisive  importance  for  further  considerations. 

The  gain  of  typical  antennas  associated  with  non-llncer  junctions  remains 
nearly  constant  for  the  UHF-range  from  200  to  1000  MHz,  Halfdipoles  are  generally 
used.  For  the  3rd,  5th  etc.  harmonics,  the  radiation  resistance  comes  back  very 
closely  to  the  matching  point  at  the  fundamental.  At  the  2nd,  4th,  6th  etc,  harmonics 
the  radiation  resistance  will  be  approximately  three  to  four  times  higher,  and  therefore 
a loss  in  the  antenna  efficiency  of  about  6 dB  maximum  can  be  assumed  for  those 
harmonics.  Thus  the  gain  will  be  sufficient  for  significant  radiations  of  regenerated 
harmonics  of  the  illumination  frequency. 


....  4.. EMC.  CHARACTERISTICS  OF  ANTENNA  CABLES  WITH  CABLE . CONNECTORS  AND  OF  WAVEGUIDES 

Antenna  leads,  antenna  cables  and  their  plugs  as  well  as  waveguides  have  a 
broadband  character  and  are  specified  fairly  adequately  by: 

- attenuation  response 

- reflection  properties  and 

- RF-shielding  properties. 

Coaxial  cables  intended  to  satisfy  the  requirement  for  higher  fltxibili ty .such 
as  cable  RG-2I4  U.have  a stranded  (twisted)  inner  conductor. 

If  the  cable  moves  slightly  or  if  its  position  is  altered,  the  current  transfer 
points  will  be  shifted  somewhat  between  the  individual  strands  of  the  inner  conductor. 

It  should  be  noted  that  with  an  exactly  concentric  arr;.-  igement  in  such  a cable, 
the  cross  points  in  the  outer,  screening  conductor  are  free  from  RF  currents.  Thus 
changes  in  the  transfer  impedance  at  these  points  in  the  screening  should  not 
initially  affect  the  cable  characteristics. 

The  company  of  Rohde  and  Schwarz  (Neubauer,  H. , 1970)  has  examined  cables  of 
this  type  and  ascertained  variations  in  the  harmonic  behavior.  The  test  equipment  u^cd 
was  able  to  measure  a harmonic  suppression  of  up  to  150  dB  at  a frequency  of 
300  MHz  with  a 20  W transmitter  and  a sensitivity  of  0.5  .i/  at  the  receiver. 
Measurements  on  a cable  with  plugs  revealed  variations  of  harmonic  suppression  of 
between  110  and  145  dB  when  the  cable  was  moved. 
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The  cabia  plugs  alone  proved  to  be  more  stable  and  manifested  harmonic 
suppression  of  more  than  150  dB.  Only  after  they  had  been  greatly  corroded  - by 
artificial  means  - did  the  harmonic  suppression  value  of  the  plugB  come  down  to 
about  110  dB. 

Prompted  by  the  subject  of  intermodulation  distortion  in  4 GHz  broadband 
telecommunication  systems,  the  Siemens  AG  (LBw,  W.  , 1962)  investigated  the 
generation  of  combination  frequencies  when  waveguides  and  coaxial  components  operate 
with  several  frequencies.  In  the  case  of  broadband  telecommunication  systems  several 
transmitters  and  receivers  are  connected  to  the  same  antenna  system  by  the  waveguide 
as  the  common  antenna  line.  Since  with  harmonic  phenomena  it  is  primarily  cubic  order 
combination  frequency  which  occurs  as  a result  of  the  difference  between  2f2  and  f i 
in  the  operating  frequency  band.  A harmonic  suppression  of  130  to  140  dB  is  required 
for  the  interference-free  operation  of  such  telecommunication  systems. 

LtSw  carried  out  investigations  on  the  harmonic  behavior  of  contact  pcints  as 
they  occur  in  waveguides  and  coaxial  components  with  reference  to  the  following 
parameters : 

- signal  level 

- contact  material 

- contact  shape  (spherical  or  pointed  junction) 

- contact  pressure. 

The  power  of  the  cubic  distortion  products  increases  as  the  cubic  order  of 
the  exciting  signal  power,  as  can  easily  be  demonstrated,  in  accordance  with  the 
relationship: 

PD  - c ’ P3 

where  "p"  is  the  excitation-power  and  "c"  a typical  constant  factor  of  the  setup. 

Silver  proved  to  be  the  most  advantageous  material.  Aluminium  is  by  far  the 
most  unfavorable,  but  most  widely  used  for  aircraft  and  ship  construction. 

A flattish  contacting  surface  proved  more  favorable  than  a pointed  contact. 

A certain  specific  contact  pressure  must  be  exerted. 

The  important  results  of  these  investigations  are  reproduced  in  Fig.  4. 

The  measured  values  show  a worst-case  harmonic  suppression  of  aQ  > 70  dB  for 
an  excitation  power  of  approximately  4 W. 

The  following  points  must  be  borne  in  mind: 

- the  harmonic  suppression  may  be  less  than  70  dB  when  poor  contact  is  made  in  the 
cese  of  aluminium. 

- with  transmitting  powers  above  1 W we  must  reckon  with  harmonic  distortion  as  a 
result  of  non-linear  junctions. 

- the  contact  strength  must  be  as  great  as  possible  for  aluminium  contacts. 

- cracks  in  soft  solder  points  are  possible  sources  of  harmonic  distortion. 

- non-linear  junctions,  similar  to  those  of  waveguides,  may  occur  in  transmitting 
antennas. 


t y; EMISSION"  OF  mBMONICS  -TO  "THE  ^ 'TRANSMITTER- TONDAMENTAL  IH3E  TO'  UNINTENDED 

NON- LINEAR  JUNCTIONS  IN  THE  TRANSMITTING  ANTENNA 

- Prediction  and  comparison  with  a practical  example.  « 

5.1,  Prediction  of  the  possible  influence  on  a receiver 

In  the  preceding  section  we  dealt  with  the  influencing  effects  of  combination 
frequencies  which  can  occur  at  non-linear  Junctions  excited  by  two  or  more  trans- 
mitting signals. 

However,  even  sufficiently  high  excitation  of  non-linear  junctions  by  one 
transmitter  alone  may  generate  the  second,  third,  fourth  and  higher-order  harmonica 
and  produce  excessive  intra-system  interference  to  receivers  in  frequency  ranges 
above  the  transmitting  frequency. 

It  is  generally  a simple  matter  to  suppress  the  harmonics  with  low-pass  filters 
at  the  transmitter  output  to  prevent  them  reaching  the  antenna.  A harmonic  suppression 
value  of  80  dB  is  normal,  and  values  of  120  dB  can  easily  be  obtained.  It  goes  without 
saying  that  the  harmonics,  suppressed  by  expensive  filtering,  must  not  be  allowed  to 
occur  again  in  the  antenna  system. 
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It  should  be  assumed  for  the  purpose  of  predicting  the  possible  influence  on 
the  receiver  that  the  non-linear  junction  will  be  excited  by  a UHF-communication- 
transmitter  (220  to  400  MHz)  with  a transmitting  power  of  approximately  16  W. 

Since  the  harmonic  power  increases  with  cubic  order  of  the  excitation  power, 
the  harmonic  suppression  would  decrease  by  18  dB  to  a value  of  approximately  > 52  dB 
according  to  the  rise  in  transmitting  power  from  4 to  16  W. 

Assuming  this  transmitter  is  connected  to  a broadband  omnidirectional  antenna 
which  can  still  radiate  the  third  and  higher  harmonics  at  sufficient  power  and  which, 
due  to  poor  design,  contains  non-linear  Junctions,  harmonic  levels  approximately  of 
-50  to  -60  dB  relative  to  the  transmitter- fundamental  can  be  expected  in  the 
radiation  field. 

It  is  immediately  apparent  that  harmonic  filters  which  normally  have  a stop- 
band  attenuation  of  60  to  80  dB  will  have  little  or  no  effect  under  these  conditions. 
The  typical  setup  for  EMI-prediction  is  given  in  Fig.  5. 

The  following  example,  discussed  with  reference  to  Fig.  5,  shows  how 
unfavorable  the  situ**ion  may  be  for  the  disturbed  receiver. 

The  front-end  of  the  IFF-receiver  will  be  susceptible  to  spurious  signals  at 
1030+4  MHz  if  the  interference  level  is  above  -3  to  -10  dB  relative  to  the  level  of 
the  Intended  input  signal.  Standard  input  level  of  the  receiver  will  be  at 
PRN  ■ -72  dBm,  the  receiver  threshold  at  Prt  ■ -76  dBm. 

The  table  in  Fig.  5 shows  how  the  low-pass-filter,  matched  to  a 50  0-load, 
provides  sufficient  harmonic  suppression  for  the  3rd  and  5th  harmonics  of  the  UHF- 
transmitter-fundamental . 

Non-linear  elements  in  the  antenna  assembly  regenerate  the  harmonics  to  a 
level  of  Pd3  ■ -10  dBm  and  PD4  * -16  dBm  respectively.  The  values  can  be  brought 
down  by  the  path-loss  between  the  two  antennas  only  to  a level  of  Prd3  “ -70  dBm  or 
PrD4  * -76  dBm  at  the  input  of  the  receiver.  The  receiver  will  be  susceptible  to  this 
as  can  be  seen  easily  in  the  last  column  of  the  table  in  Fig.  5. 

If  non-linear  elements  in  the  transmitting  antenna  did  not  occur,  the 
interference  levels  at  the  receiver  front-end  would  be  down  to  Prd3  “ -118  dBm  and 
PRD4  ■ -133  dBm  and  would  not  be  harmful  to  the  receiver. 

5.2.  Results  obtained  in  practice  with  an  aircraft 

The  interference  experienced  with  this  model  in  practice  has  led  to 
investigations  of  the  described  effect. 

Fig.  6 shows  a schematic  diagram  of  the  aircraft  with  the  antenna  locations. 

The  isolation  values  measured  for  the  frequency  of  1030  MHz  have  been  entered  in  the 
diagram.  The  prediction  made  in  section  5.1  above  is  valid  for  the  two  antennas 
UHFiop  and  IFF-) . 

All  the  observations  of  interest  are  compiled  below: 

(a)  The  interference  factors  were  ascertained  during  the  flight  test  and  examined 
more  closely  afterwards  in  the  aircraft  hangar. 

(b)  When  the  UHF  unit  was  operated  at  257.5  MHz,  about  20  equally  spaced  channels 

in  the  bandwidth  of  4 x + 0.5  MHz  « +2  MHz  at  1030  MHz  caused  interference  to 

the  IFF-receiver.  “ ~ 

(c)  When  the  UHF  unit  was  operated  at  343*3  MHz,  about  40  equally  spaced  channels  in 

the  bandwidth  of  3 x +2  MHz  ■ +6  MHz  at  1030  MHz  caused  interference  to  the  IFF- 
receiver.  “ “ 

(d)  The  harmonic  level  measured  at  the  IFF  antenna  output  was  approximately  -76  dBm 

at  4 x 257.5  MHz  and  approximately  -70  dBm  at  3 x 343.3  MHz, 

(e)  The  presence  of  these  interference  signals  at  the  transponder  input  resulted,  in 

the  absence  of  an  interrogation  signal,  in  "random  triggering"  when  the  inter- 
fering transmitter  was  switched  on  and  off. 

(f)  Measurements  in  the  radiation  field  revealed  that  the  insertion  of  a 20-dB 
attenuator  preceuir.g  the  transmitting  antenna  of  the  UHF  unit  reduced  the  field 
strength  at  the  fundamental  frequency  of  the  transmitter  by  20  dB,  as  anticipated. 
The  attenuation  at  the  frequency  of  the  harmonics,  however,  was  more  than  40  dB. 

(g)  The  observations  made  so  far  all  refer  to  the  initially  unmodulated  interference 
carrier.  If  the  UHF  transmitter  is  modulated  by  voice  or  a ringing  tone  (1000  Hz) 
the  "random-trigger-rate"  rises  appreciably.  The  same  applies  to  the  sensitivity- 
reduction  of  the  transponder. 
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(i)  The  tendency  of  the  non-linear  junctions  to  be  modulated  by  vibrations  transmitted 
through  the  air-craft-structure  was  observed.  Measurements  made  in  the  radiation 
field  near  the  aircraft  demonstrated  that  only  the  new  harmonics  of  the  trans- 
mitter fundamental  frequency  generated  at  the  non-linear  junctions  were  affected 
by  this  modulation.  As  a result  of  this  behavior  we  were  able  to  detect  inter- 
ference levels  which  were  about  20  dB  higher  still  on  the  brake-teat-site  during 
the  jet-engine  test-runs. 

(k)  It  was  a simple  matter  to  reproduce  the  effect  observed  with  the  aircraft  under 
laboratory  conditions  with  a completely  different  antenna  pair  (UHF-IFF  antenna). 
In  this  case,  too,  the  harmonic  level  in  the  radiation  field  could  only  be 
reduced  to  a certain  level  by  inserting  low-pass  filters  before  the  antenna. 
Furthermore,  the  insertion  of  the  low-pass  filters  had  no  effect,  even  though  it 
was  possible  to  show  that  the  harmonic  level  at  the  output  of  the  low-pass  filters 
matched  to  a 50  0-load  was  reduced  in  accordance  with  the  stop-band  attenuation 
of  the  filters. 


6.  INTERFERENCE  IN  THE  RADIATION  FIELD  OF  HIGH- POWER  TRANSMITTERS  BY  RANDOM 
SWITCHING  OF  UNINTENTIONAL  CONTACTS 

A further  effect  which  can  greatly  reduce  EMC  is  the  broadband  interference 
which  is  produced  by  the  random,  undesired  switching  of  undefined  RF-contacts. 


This  interference  often  occurs  in  the  nearfield  of  antennas  of  high-power 
shortwave  transmitters  - 400  W to  1 kW  power  - in  the  1 . 5 MHz  to  30  MHz  frequency 
range . 


On  ships,  in  particular,  cables  and  lines  and  other  similar  conductors  in  the 
proximity  of  the  transmitting  antennas  can  pick  up  RF-energy.  The  vibrations  when 
the  ship  moves  may  cause  such  elements  to  come  into  contact  with  each  other 
sporadically.  Since  their  isolation  from  the  antennas  is  often  very  low,  powers  of 
up  to  several  Watts  may  be  switched. 

The  switching  of  mechanical  contacts  creates  spikes  with  rise  times  of  a few 
nanoseconds.  Thus,  substantially  high-level  interference  occurs  in  the  entire 
frequency  range  up  to  about  1 GHz  and  above. 

In  one  - albeit  very  unfavorable  - case  which  we  have  observed,  interference 
voltages  of  up  to  60  dB  pV/10  kHz  have  occured  at  adjacent  receiver  antennas. 

Generally,  interference  levels  of  up  to  20  dB  pV/10  kHz  have  been  observed. 
Often,  it  was  very  difficult  to  locate  these  so-called  "secondary  interference  sources" 
because  of  the  interaction  of  a nyunber  of  individual  interference  sources  involved. 


7.  MEASURES  TO  EFFECTIVELY  REMEDY  THE  EFFECTS  DESCRIBED  ABOVE 

Improvements  in  mechanical  design  provide  a simple  remedy  to  the  effect 
described  above,  the  random  contacting  in  the  nearfield  of  the  antenneas.  Such 
measures  result  in  the  "electrical  uniformity"  of  the  surface,  the  reference  ground 
of  a system  or  of  a device.  Every  junction  which  might  be  instable  is  bypassed  by 
means  of  defined  "bonding  straps".  Exact  instructions  on  this  matter  are  laid  down 
in  MIL-STD-1310A/1310C.  "Shipboard  Bonding,  Grounding,  and  other  Techniques  for 
Electromagnetic  Compatibility  and  Safety".  These  instructions  in  their  present  form 
only  v.pply  to  ships,  but  the  meaningful  application  of  their  contents  to  cover  air- 
craft and  tactical  vehicles,  too,  seems  appropriate. 

The  simplest,  way  of  dealing  with  the  case  quoted  initially  in  the  example  - 
namely,  interference  produced  on  the  IFF  receiver,  the  receiver  of  the  IFF- transponder, 
by  the  harmonics  from  the  UHF-transmitter  - would  be  to  block  the  corresponding 
channels  close  to  the  critical  frequencies  in  the  UHF  band.  It  would  then  be  necessary 
to  block  about  20  channels  in  the  case  of  Fot  ■ 257.5  MHz  and  about  40  channels  in  tho 
case  of  Fot  » 343.3  MHz.  60  out  of  a total  of  2500  channels  would  therefore  be  blocked. 
This  solution  is  not  acceptable  for  tactical  reasons. 

The  problem  was  solved  by  a certain  time-sharing.  The  IFF-transponder  was  able 
to  decode  and  reply  for  correct  aircraft-identification  between  the  excitation  periods 
of  the  UHF-transmitter  with  voice-modulation. 

Furthermore,  it  would  undoubtedly  be  a difficult  matter  to  realize  the  remedial 
design  measures  to  offset  the  effect  of  non-linear  elements  in  the  case  of  junctions 
in  the  proximity  of  transmitting  antennas.  Suitable  shaping  and  high  contact  pressure 
will  initially  be  advantageous  in  the  case  of  aluminium  contacts.  As  a safety  pre- 
caution a more  better  contact  material  such  as  tin-  and  silvercoated  brass,  copper 
and  beryllium-bronze  or  stainless  steel. 
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Recsnt  measurements  were  udi  on  a ships'  installation  satisfying  the  require* 
aents  of  MIL-8TD-1310A/1310C  and  demonstrated  that  this  installation  is  a very 
successful  solution  to  the  problems  of  reducing  the  described  effects.  The  suppression 
for  oubio  and  higher  order  harmonics  in  the  radiated  field  was  above  70  dB  in  the 
HF-frequency  range  and  more  than  130  dB  in  the  UHF-frequency  range. 

In  the  HF-frequency  range  no  spurious  amplitude  modulation  on  the  harmonics 
and  combination  frequencies , which  is  typical  for  the  presence  of  non*linear  junctions 
in  connection  with  the  vibrations  of  a ship,  could  be  detected. 

In  the  UHF-frequency  range  the  use  of  dipole  antennas  provided  sufficiently 
low  harmonic  levels,  even  if  the  UHF-transmitting-power was  1 few.  In  contrast,  the 
use  of  monopole  sntennas.  like  the  UHF-antnnna  in  the  aircraft,  seems  to  reinforce 
the  regeneration  of  harmonics  to  a high  degree,  because  the  aircrafts'  structure 
sots  as  a counterpoise  to  the  monopole  antenna. 

Strangely  enough,  we  have  not  yet  found  any  reference  to  the  problem  of  non- 
linear junctions  as  discussed  above  in  the  EMC  literature  known  to  us,  apart  from 
MIL-STD-1310A/1310C  and  an  advertisement  in  "The  Microwave  Journal"  in  which  the 
Company  of  Mlcrolab/FXR  is  offering  an  intermodulation  detector  for  non-linear 
junctions  ( Microlab , 1973). 


8.  CONCLUSION 

Wo  hope  that  we  have  sufficiently  emphasized  the  importance  of  these  EMC 
problems,  which  we  have  encountered  in  practice, particularly  the  importance  of 
the  non-linear  Junction  effect. 

Our  experience  would  indicate  that  a satisfactory  solution  for  ships' 
installations  has  been  found  for  the  future. 

Unfortunately,  our  limited  investigations  can  only  act  as  u geneiel  guide. 
Comprehensive  experience  should  be  gathered  or  gained  to  find  an  answer  to  the 
following  question: 

"Is  it  generally  possible,  with  economically  justifiable  means,  to  reduce  the 
described  effects  in  -he  systems  to  a tolerable  level,  or  do  we  have  to  make  any 
concessions  in  EMC-predictions  for  a certain  inevitable  "frequency  spectrum 
pollution"  due  to  the  non-linear  junctions?". 
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Fig.4  Harmonic  suppression  due  to  the  contact-pressure 
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Fig.  5 Typical  setup  for  EMI-prediction 
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Fig.6  Isolation  (dB)  at  1030  MHz  between  the  UHF-  and  IFF-antennas  in  the  aircraft 
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DISCUSSION 

1 

P.  SEVAT:  1)  What  is  the  material  of  the  other  part  of  the  contacts  in  your  Fig.  4? 

2)  I think  in  this  respect,  the  place  of  the  material  in  the  potential  series  can  be 
important,  especially  in  the  long  run. 

K.  LANDT : 1)  Investigations  had  been  performed  when  contacting  was  between  silver  to 

silver,  beryllium  bronze  to  beryllium  bronze  and  aluminum  to  aluminum.  2)  If  the  con- 
tact pressure  will  be  so  high  that  the  junction  becomes  cold  welded,  the  junction  will 
be  stable  for  a long  time.  There  will  be  no  effect  due  to  potential  series.  We 
measured  the  resistance  of  a riveted  ream  (steel-aluminum)  on  a German  ship  about  ten 
years  after  construction.  The  resistance  was  below  lmn  up  to  30KHz. 

E.  M.  FROST:  The  ranking  order  for  the  harmonic/pressure  characteristics  for  the  metals 

given  in  Fig.  4 is  the  same  as  those  for  their  "dc”  contact  resistance/pressure  values; 
however,  stainless  steel  was  mentioned  as  a "good"  material  which  does  not  agree  with 
its  "dc"  performance.  Can  the  author  give  a possible  explanation? 

K.  LANDT:  I would  say  yes,  because  silver  oxide  is  conductive  and  aluminum  oxide  has 

insulating  character. 

In  the  frequency  range  where  the  skin  effect  is  valid  and  the  penetration  depth 
of  the  HF  is  much  less  than  the  thickness  of  the  material,  the  "dc"  performance  is  not 
more  important. 

S.  C.  KLEINE:  1)  What  do  you  mean  with  the  variation  of  harmonic  suppression  of  a 

cable  being  moved?  2)  What  are  your  conclusions  from  this  variation  in  the  harmonic 
behavior  of  a cable  being  moved  for  the  design  of  transmitters/receivers? 

K.  LANDT:  1)  The  cable  is  no  harmonic  suppressor,  but  it  has  a certain  harmonic  sup- 

pression according  to  its  transmission  properties.  If  the  cable  is  moved,  this  typical 
value  may  vary.  2)  The  harmonic  suppression  at  the  transmitter  output/cable  input 
should  not  be  higher  than  the  harmonic  suppression  of  the  cable  itself.  On  the  receive 
end  there  will  be  no  effect  because  the  excitation  power  from  the  transmitter  funda- 
mental is  respectively  too  low. 
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SUtMARY 

This  Paper  describes  briefly  the  mathematic  approach  and  results  obtained  in  the  development  of  a 
new  deaign  of  interference  suppressor  which  eliminates  the  resonances  normally  occurring  between  a 
suppressor  and  its  load. 

The  Paper  also  describes  the  shortcomings  of  conventional  50  ohm  insertion  loss  measurements,  and 
proposes  a characteristic  based  on  critical  load  conditions. 

INTRODUCTION 


As  part  of  a research  programme  seeking  a cure  for  the  increasing  number  of  EMC  problems  on  aircraft, 
a programme  of  work  was  initiated  into  suppressor  design  and  performance  based  on  the  characteristics  of 
the  individual  components  of  passive  suppressor  networks. 

Further,  since  it  was  realised  that  suppressors  alway3  work  into  an  unknown  complex  load  which  varies 
with  frequency,  the  present  method  of  determining  the  attenuation  characteristic  from  an  insertion  loss 
measurement  in  a 50  ohn  resistive  system  was  considered  to  have  little  value,  and  a more  realistic  perform- 
ance characteristic  was  sought. 

This  Paper  gives  a brief  description  of  a mathematic  approach  to  suppressor  design  and  of  the  results 
obtained.  A more  realistic  attenuation  characteristic  is  proposed  based  on  the  attenuation  achieved  at 
each  frequency  when  a suppressor  is  loaded  with  its  critical  load.  The  introduction  of  a resistor  in 
the  output  component  of  a suppressor  is  shown  to  damp  out  the  resonances  which  can  occur  between  suppressors 
and  their  loads. 

MATHEMATIC  APF ROACH 

A simple  approach  was  adopted  using  matrix  algebra.  A suppressor  was  considered  to  be  a four  terminal 
network,  which  can  be  completely  described  by  its  'A'  matrix,  and  comprising  any  number  of  inductive, 
capacitive  or  resistive  components. 

If  the  voltage  and  current  sent  and  the  voltage  and  current  received  under  open  and  short  circuit 
conditions  are  measured  it  is  possible  to  calculate  the  complex  impedances  of  the  components  in  the  network. 
Conversely,  knowing  the  component  values  in  complex  terms  it  is  possible  to  calculate  the  poles  of  the  'A' 
matrix. 


The  matrix  equations  of  a four  terminal  network  are  shown  in  Fig. I. 

DEFINITION  OF  T AND  it  NETWORKS 

In  order  to  clarify  the  confusion  which  can  sometimes  arise  when  defining  the  values  of  components  in 
T and  w sections  for  the  calculation  of  cut  off  frequency  and  iterative  impedance,  it  was  decided  to 

consider  each  type  as  part  of  a long  series,  as  shown  in  Fig. 2.  The  component  values  are  C and  t for 

C C 1 

the  T suppressor  and  L and  — for  the  x suppressor;  for  both  types  the  cut  off  frequency  is  , 

L */LC 

and  the  iterative  impedance  is  — . 

II  ^ | 

- . for  the  series  element  and 

Y I for  the  shunt  element,  where  Y and  Z are  the  admittance  and  impedance  values  of  the  components 

in  complex  terms,  and  multiplying  these  matrices  together  it  is  possible  to  complete  the  'A'  matrices  for 
single  T and  it  suppressors.  Fig. 2 also  shows  the  suppressor  elements  and  their  matrices. 

PRACTICAL  WORK 


Equivalent  T and  x suppressors  were  constructed  having  components  chosen  to  have  values  whose 
complex  impedances  could  be  measured  using  available  equipment  over  a reasonable  frequency  range. 

These  values  were,  the  inductive  series  element  t » 1.31  millihenry  and  the  shunt  capacitive 

C i 

element  •j  • 0.005  microfarad  , and  the  frequency  range  considered  was  0 to  300  kHz. 

These  component  values  gave  for  both  types  of  suppressor  a cut  off  frequency  of  62.3  kHz,  and  an 
interative  impedance  of  512  ohms. 

Measurements  on  the  suppressors  were  used  Id  check  the  computer  programmes  and  the  theoretical 
concept  of  minimum  attenuation. 


y 


THEORETICAL  WORK 


A computer  programme  was  prepared  to  determine  the  'A*  matrix,  the  open  circuit  voltage  ratio  and  the 
insertion  loss  characteristic  over  the  frequency  range  0 to  300  kHz  for  both  T and  it  suppresaors. 


In  addition  the  computer  was  programmed  to  determine  the  ratio  of  voltage  sent  to  voltage  received 
across  a large  number  of  complex  loads  at  one  particular  frequency,  100  kHz. 

The  results  of  the  attenuation  found  at  *00  kHz,  under  complex  load  conditions,  were  plotted  in  the 
impedance  plane,  and  points  representing  loads  giving  the  same  attenuation  through  the  suppressor  were 
joined  together  to  give  contours  of  constant  voltage  attenuation.  Fig. 3 shows  the  results  obtained  for  a 
double  T suppressor. 

These  contours  proved  to  be  a family  of  coaxal  circles,  from  which  it  is  possible  to  deduce  the 
attenuation  through  the  suppressor  when  connected  to  any  complex  load.  In  the  case  shown  in  Fig. 3 the 
attenuation  when  connected  to  a load  of  (800  + j600)  or  (600  + jO)  or  (200  - j 1 80)  ohms  will  be  34  dB. 

However,  it  is  difficult  to  extrapolate  this  family  of  coaxal  circles,  as  the  position  of  the  circle 
centre  and  the  scale  of  each  circle  changes  for  each  value  of  attenuation. 


If,  however,  the  same  information  is  plotted  in  the  admittance  plane  as  shown  in  Fig. 4,  another 
family  of  circles  representing  contours  of  constant  voltage  attenuation  is  obtained.  In  this  case  the 
family  is  much  easier  to  extrapolate  since  the  circles  are  concentric  and  the  ratio  of  the  circle  diameters 
is  directly  proportional  to  the  attenuation,  for  example  the  1 00 : 1 circle  (40  dB)  is  10  times  the  diameter 
of  the  10:1  circle  (20  dB).  The  admittances  of  the  loads  above  also  lie  on  the  34dB  circle,  e.g. 

(60b  vjay  “ K66  n,nho8  • 


A generalised  figure  of  this  family  of  circles  of  constant  voltage  attenuation  can  be  constructed  as 
shown  in  Fig. 5.  The  circle_  centre  is  given  mathematically  as  minus  the  reciprocal  of  the  Thevenin  impedance 
a,  . _ 

, and  the  radius  of  each  circle  is  equal  to  M (the  voltage  ratio)  divided  by 


*11 


*12 


of  the  'A'  matrix 


the  modulus  of  the  transfer  impedance  (ja^i  tbe  "^trix)  • 


It  is  thus  possible  to  predict  the  performance  of  a suppressor  with  any  complex  load  condition  from 
two  measurements  at  each  frequency;  the  complex  Thdvenin  impedance,  which  can  be  measured  with  a bridge, 
and  the  transfer  impedance  modulus  which  can  be  determined  with  a measuring  set  and  a current  probe. 


MINIMUM  ATTENUATION 


For  the  passive  suppressors  being  considered  the  resistive  term  of  the  complex  Thevenin  impedance 
will  be  positive  so  that  the  common  circle  centre,  which  is  defined  as  minus  the  reciprocal  of  the  ThSvenin 
impedance  will  lie  to  the  left  of  the  susceptance  axis  in  the  admittance  plane  as  shown  in  Fig. 5.  For  all 
practical  passive  loads,  that  is  loads  with  a positive  conductance,  there  is  a minimum  realisable  attenuation 
represented  by  the  dotted  circle. 

This  minimum  attenuation  is  achieved  when  the  load  on  the  suppressor  is  purely  reactive  and  has  a 
susceptance  equal  to  the  conjugate  of  the  susceptance  of  the  Thdvenin  impedance. 

EXPLANATION  OF  THE  SUPPRESSOR  AND  LOAD  RESONANCE 


The  typical  low  pass  suppressor  shown  in  Fig. 6 can  be  represented  by  Thevenin's  Theorem  as  a voltage 
with  zero  source  impedance  in  series  with  an  impedance  equal  to  the  impedance  of  the  suppressor  in  the 
reverse  direction  with  the  input  short  circuited.  The  voltage  source  has  an  EMF  equal  to  the  open  circuit 
voltage  through  the  suppressor  Vqc  . 

In  the  example  shown,  above  cut  off,  the  T suppressor  has  an  inductive  impedance,  so  that  a 
purely  capacitive  load  with  a reactance  equal  to  the  conjugate  of  the  reactance  of  the  Thdvenin  impedance 
will  cause  the  circuit  to  resonate,  and  the  voltage  across  the  load  will  be  Q times  the  applied  voltage 
Vqc  . In  many  instances,  when  the  Q of  the  suppressor  is  high,  the  voltage  across  the  critical  load  may 

even  exceed  the  input  voltage  to  the  suppressor  V^n  . 

VARIATION  OF  ATTENUATION  WITH  FREQUENCY 

The  previous  discussion  has  covered  the  characteristics  of  a suppressor  at  one  particular  frequency 
and  has  shown  that  a pattern  of  concentric  circles  exists  in  the  admittance  plane  which  enables  the  perform- 
ance of  the  suppressor  to  be  predicted  under  any  load  condition  by  knowing  the  transfer  impedance  and  the 
ThSvenin  impedance. 

Both  of  these  impedances,  however,  change  with  frequency  and  it  is  necessary  to  know  how  they  change 
in  order  to  predict  the  performance  over  the  entire  frequency  range. 

Fig. 7 is  derived  from  the  Thevenin  impedance  and  shows  how  the  position  of  the  comnon  circle  centre 
changes  with  frequency  for  the  experimental  double  T suppressor. 

The  locus  describes  two  circular  paths  and  has  4 resonant  frequencies  at  which  the  ThCvenin  impedance 
is  purely  resistive,  which  could  be  expected  for  a network  with  5 components.  As  frequency  is  increased 
the  critical  load  therefore  alternates  between  capacitive  and  inductive  values  until  finally  above  cut  off 
it  remains  capacitive. 


For  the  experimental  double  it  suppressor  the  locua  of  the  common  circle  centre  with  varying 
frequency,  ehown  in  Fig. 8,  haa  only  one  circular  path  and  haa  only  3 reaonant  frequenciea,  contrary  to 
what  is  expected  for  a network  with  5 component'.  This  is  explained  by  the  short  circuiting  of  the  input 
capacitor  when  making  the  Thevenin  impedance  measurement  required  to  calculate  the  position  of  the  circle 
centre. 

The  cut  off  frequency  for  both  the  T and  tt  suppressors  is  the  highest  finite  reaonant 
all  other  resonances  occurring  in  the  pass  band. 

The  critical  load  for  both  T and  it  suppressors  changes  sign  each  time  the  suppressor  passes 
through  a resonant  frequency.  Above  cut  off  it  remains  capacitive  for  the  T suppressor  and  inductive 
for  the  it  suppressor. 

VARIATION  OF  CRITICAL  LOAD  WITH  FREQUENCY 

Figs. 9 and  10  show  how  the  critical  load  for  T and  tt  suppressors  vary  with  frequency. 

For  the  T suppressor  the  critical  capacitive  load  tends  to  a constant  value  of  about  1000  pf  for 
the  network  under  consideration,  so  that  the  capacitance  of  the  cables  connected  to  the  output  of  the 
suppressor  could  easily  adversely  terminate  the  suppressor  over  a wide  frequency  range. 

For  the  ir  suppressor  the  critical  load  above  cut  off  tends  to  a value  of  SO  microhenries. 

MINIMUM  ATTENUATION  CHARACTERISTIC 

All  the  previous  work  has  shown  that  for  every  frequency  there  is  a critical  load  at  which  the 
attenuation  through  the  suppressor  is  a minimum,  and  conversely  for  every  load  there  is  a frequency  which 
causes  resonance  between  the  suppressor  and  that  load. 

This  theory  has  led  to  the  proposal  that  the  characteristics  of  a suppressor  would  be  better  defined 
as  a minimum  attenuation  characteristic,  that  is  the  attenuation  achieved  at  each  frequency  when  the 
suppressor  is  critically  loaded. 

In  practice  the  attenuation  would  be  much  greater  than  this  value  over  the  majority  of  the  frequency 
range,  and  only  at  discrete  frequencies  would  resonance  occur  and  the  minimum  attenuation  value  be 
approached, 

COMPARISON  OF  MINIMUM  ATTENUATION,  OPEN  CIRCUIT  AND  INSERTION  LOSS  CHARACTERISTICS 

Figs. 1 1 and  12  compare  the  proposed  minimum  attenuation  characteristic  with  the  conventional  insertion 
loss  and  open  circuit  characteristics  for  the  experimental  T and  it  suppressors. 

For  the  T suppressor  (Fig. 11)  the  insertion  loss  characteristic  gives  an  optimistic  attenuation 
compared  with  the  open  circuit  attenuation  because  of  the  high  iterative  impedance  (512  ohms)  of  the  network 
compared  with  the  input  impedance  of  the  measuring  set  (50  ohms) . The  proposed  minimum  attenuation  character- 
istic indicates  what  could  result  in  practice  under  the  worst  loading  conditions  and  shows  a gain  to  be 
possible  between  dc  and  twice  the  conventional  cut  off  frequency. 

For  the  tt  suppressor  (Fig.  12),  the  open  circuit  characteristic  is  the  same  as  that  for  the 
equivalent  T suppressor,  cs  is  expected,  but  the  insertion  loss  characteristic  is  less  than  that  of  the 
equivalent  T suppressor.  The  proposed  minimus  attenuation  characteristic  shows  the  tt  suppressor  to  be 
in  gain  from  dc  to  four  times  the  conventional  cut  off  frequency. 

Comparison  of  Figs.  11  and  12  shows  a significant  difference  between  T and  tt  suppressors.  With 
conventional  insertion  loss  and  open  circuit  measurements,  a voltage  attenuation  through  either  type  is 
obtained  above  cut  off  frequency:  the  proposed  minimum  attenuation  characteristic,  however,  shows  that 
under  critical  load  conditions  the  frequency  at  which  an  attenuation  is  achieved  is  no  longer  related  to 
the  cut  off  frequency,  but  is  a function  of  the  overall  Q of  the  suppressor  and  the  number  of  components 
used  in  the  network. 

IMPROVEMENT  OF  MINIMUM  ATTENUATION  CHARACTERISTIC 

It  is  possible  to  improve  the  minimum  attenuation  characteristic  by  loading  the  suppressor  with  a 
resistance  equal  to  the  iterative  impedance  of  the  network  as  is  that  practice  in  filter  design.  This 
resistive  load  has  the  effect  of  shifting  the  locus  of  the  centres  of  circles  of  constant  voltage  attenua- 
tion (Fig. 4)  to  the  left  by  an  amount  equal  to  the  conductance  of  the  load  and  the  minimum  attenuation 
circle  is  then  larger  in  diameter. 

For  power  line  suppressors,  however,  this  external  loading  is  not  practical  since  such  a resistive 
load  would  shunt  the  power  supply  with  consequent  waste  of  power  and  heat  dissipation  problems. 

A more  practical  alternative  hae  been  found  to  have  a similar  effect  above  cut  off  frequency.  If  a 
resistance  equal  to  the  iterative  impedance  of  the  suppressor  is  connected,  either  in  parallel  with  the 
output  inductor  of  a T network,  or  in  series  with  the  output  capacitor  of  a tt  network,  the  overall  Q 
of  the  suppressor  is  reduced.  This  damping  resistor  has  the  desired  effect  of  holding  the  Thtvenin 
impedance  R term  constant  as  the  frequency  is  increased  above  cut  off. 

Fig. 13  shows  the  locus  of  the  centre  of  circles  of  constant  voltage  attenuation  for  the  modified 
experimental  T suppressor,  and  it  shows  that  at  low  frequencies  the  damping  resistance  has  little  effect 
but  that  above  cut  off  the  diameter  of  each  circle  is  much  larger  than  that  of  the  unmodified  suppressor 
(Fig. A). 


<35-3 


frequency, 


~',t/  This  draping  resistor  in  not  required  to  carry  currant  at  power  frequencies  e.id  ia  therefore  of 
minimum  aize  *nJ  weight. 

MINIMUM  A'TENUATION  CHARACTERISTICS  OR  MODIFIED  SUPPRESSORS 

The  minimum  extenuation  and  open  circuit  characteriatica  or  modified  T and  n auppreaaora 
incorporating  a damping  reaiator  are  ahovn  in  Figs. 14  and  15  reapectively . 

The  turves  ahow  that  above  cut  off  the  two  characteriatica  are  almost  identical  and  that  both 
suppressors  are  now  independent  of  load.  The  minimun  attenuation  for  the  T and  it  auppresaor  are  not 
the  sane,  the  X auppreaaor  having  a greater  voltage  attenuation  than  that  of  the  equivalent  it  ruppreaaor. 

MEASUREMENTS  ON  AN  AIRCRAFT 

Fig.  16  ahowa  the  results  of  practical  meapureiuenta  made  on  an  aircraft  electrical  system.  The  upper 
curve  ia  a record  of  the  interference  measured  on  the  field  of  an  engine  driven  generator  when  the  voltage 
was  controlled  by  a variable  mark  space  regulator. 

The  levels  recorded  ahow  tha  interference  to  be  well  above  the  British  Standard  Requirements  ths  limits 
of  which  sre  shown  dotted. 

After  a conventional  suppressor  was  designed  and  fitted,  with  compments  as  shown,  the  levels  of 
interference  were  again  measured  and  by  careful  operation  of  the  measuring  equipment,  resonances  were 
found,  thus  demonstrating  practically  the  theoretical  work  described  above. 

When  a damping  resistor  was  added  the  resonances  vere  eliminated  and  the  interference  levels  fell  to 
0 dB/pV  above  3 MHz. 

CURRENT  ATTENUATION 

All  of  the  theoretical  work  described  in  this  Paper  has  covered  the  voltage  attenuation  through  the 
suppressor  when  connected  to  a complex  load. 

This  theory  can  be  adapted  to  describe  currevit  attenuation  by  simple  duality,  when  the  circles  of 
constant  current  attenuation,  with  a conmon  circle  centre,  are  obtained  in  the  impedance  plane. 

^he  circle  centre  ia  defined  as  minus  the  Norton  impedance  compared  with  minus  the  reciprocal  of 
the  Thevenin  impedance,  and  the  scale  is  inversely  proportional  to  the  transfer  admittance,  compared  with 
the  transfer  impedance. 

MEASUREMENTS  TO  DETERMINE  THE  MINIMUM  ATTENUATION 

I. 

From  the  circles  of  constant  voltage  attenuation  in  the  admittance  plane  it  can  be  shown  mathematically 
that  the  minimum  attenuation  at  a particular  frequency  is  defined 

Voltage  minimum  attenuation  ■- 


where  is  the  modulus  of  the  transfer  impedance  and 

admittance.  The  mii.imum  attenuation  can  therefore  be  calculated  from  measurements  of  these  two  impedances 
at  the  particular  frequency. 

Similarly  the  current  minimum  attenuation  at  a particular  frequency  is  given  by: 

Current  minimum  attenuation  - 20  log,,  (Y-)RP%Z„ 

°10  T'  | Norton 

is  the  real  part  of  the  Norton  impedance. 

CONCLUSIONS 

1.  This  work  confirms  that  the  present  method  of  defining  the  characteristics  of  suppressors  as  an 
insertion  loss  of  a 50  ohm,  resistive,  system  is  not  representative  of  actual  conditions  since  suppressors 
are  always  loaded  by  an  unknown,  varying  complex  load. 

2.  The  proposed  characteristic  of  minimum  attenuation  is  based  on  worst  cam  loading  conditions  r.t  each 
frequency  and  in  practice  attenuations  greater  than  this  minimum  would  be  expected  over  the  majority  of 
the  frequency  range  and  only  occasionally  rising  to  the  minimum  attenuation  as  the  load  and  suppressor 
resonate, 

3.  The  introduction  of  a damping  resistance  in  the  output  components  of  a conventional  low  pass 
suppressor  network  improves  the  minimum  attenuation  characteristic  and  eliminates  the  resonances  which 
occur  between  the  network  and  the  load.  This  characteristic  then  approaches  that  achieved  under  open 
circuit  conditions. 


where  Y_  ia  the  transfer  admittance,  and  RP 


^Norton}" 


20  -» ‘v-te! 

RP  < = — — > is  the  real  part  of  the  ThCvenin 
l*Th6v  j 


British  Crown  Copyright,  reproduced  irith  the  permission  of  the  Controller,  Her  Britannic  Majesty's 
Stationery  Office. 
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DISCUSSION 

P.  SEVATs  You  have  measured  the  insertion  loss  of  your  filters  as  a function  of  fre- 
quency (discrete  frequencies) . Do  you  have  any  experience  with  impulsive  interference? 
Your  contribution  can  be  of  great  value  for  CISPR  which  ic  struggling  with  the  sane 
problem. 

N.  L.  JARVIS:  The  attenuation  characteristics  of  the  suppressor  are  valid  for  broad- 

band, narrow-band  and  impulsive  interference.  If  the  amplitude/frequency  characteristics 
of  impulsive  interference  such  as  EMP  effects,  lightning  and  load  switching  transients 
are  known,  then  the  suppression  effects  through  the  suppressor  can  be  calculated.  Ex- 
perience has  shown  that  the  damage  effects  of  these  impulses  are  reduced,  but  that 
audio  and  visual  displays  still  exhibit  a "click"  type  of  disturbance. 


MISSILE  INTERSYSTEM  EMC  TESTING 


Charles  D.  Ponds 

Army  Missile  Command  - AMSMI-RTF 
Redstone  Arsenal 
Alabama  35809 


SUMMARY 


The  intersys  am  EMC  testing  of  missiles  Is  described.  Systems  compatibility  to  a world  wide 
electromagnetic  (EM)  environment  Is  demonstrated  by  the  Army  Missile  Command  by  using  a mini-computer 
controlled,  broad  band  emitters,  a unique  data  acquisition  system,  an  infrared  (IR)  data  link  and  a mini- 
computer data  reduction  system.  Also,  redesign  Information  Is  acquired  which  will  provide  EM  hardened 
missiles. 

The  simulation  .facility  used  to  provide  an  EM  environment  from  100  KHz  to  15  GHz  Is  described  giving 
the  emitter  power  output,  modulations,  sweep  capabilities,  log  periodic  and  horn  antenna,  transmission 
line  transverse  electromagnetic  mode  (TEM)  test  chamber  and  a mini-computer  for  close  loop  control  of 
emitters,  power  and  frequency  controller,  data  acquisition  and  reduction. 

The  data  acquisition  system  described  Is  an  In-house  designed  Infrared  system  used  to  collect  signals 
end  transmitted  by  IR  light  to  the  data  processor  and  analyzer.  Signals  from  the  monitored  circuits 
are  linked  to  a signal  processor,  vli  an  IR  emitting  diode,  a 45  meter  fiber  optic,  and  signal  process- 
ing equipment. 

1 . INTRODUCTION 

Our  complex  comnunlcatlon  networks,  both  military  and  civilian,  can  establish  some  very  high 
energy  electromagnetic  (EM)  fields  In  which  our  missile  systems  must  survive  In  their  stock-pile  to  tar- 
get sequence.  These  high  level  EM  fields  can:  cause  systems  to  falsely  program  flight  Information  on 
the  launcher;  cause  premature  Ignition  of  propulsion  systems  during  shipping.  In  storage,  o->  launcher  or 
In  flight;  and  can  result  In  guidance  system  malfunctioning.  (See  Illustration  #1). 

The  testing  described  here  Is  geared  to  research  and  development  requirements  to  provide  adequate 
design  hardening  so  the  missile  system  will  operate  reliably  and  be  safe  to  handle  and  store  In  the  pre- 
dicted world  wide  environment  and  to  meet  requirements  of  Army  Regulation  (AR)  11-13.  The  worse  case 
environments  for  premature  Ignition  (hazards)  and  system  operation  (reliability)  are  different,  since 
shipment  of  systems  Is  unrestricted,  while  the  operation  or  actual  set  up  and  firing  of  systems  does 
have  some  restrictions.  The  design  criteria  for  Army  missile  system  EMC  testing  Includes  fields  desig- 
nated In  volts  per  meter  assuming  to  be  In  the  far  field  of  the  antenna  and  with  an  Impedance  of  377  ohms. 
The  frequency  range  of  Interest  Is  100  KHz  to  15  GHz. 

Missile  Intersystem  EMC  testing  Is  actually  Identified  by  two  type  tests  - electromagnetic  hazards 
and  electromagnetic  effects.  In  the  electromagnetic  hazard  tests  the  electro  explosive  devices  (EED's) 
or  squibs  are  Instrumented  with  miniature  thermocouples  to  sense  a heat  rise  In  the  bridge  wire  and 
voltage  detected  with  a diode  from  bridge  wire  pin  to  the  EED  case.  In  the  electromagnetic  effects  tests 
the  control  functions  of  the  system  are  monitored  to  determine  degradation  or  system  reliability. 

2.  TESTING  TECHNIQUES 

The  most  important  thing  about  this  type  testing,  intersysystem  EMC  testing,  Is  that  the  test  Item 
must  be  configured  as  much  as  possible  to  the  actual  fielded  missile  system.  All  the  data  collection 
Instrumentation  has  to  be  Inclosed  within  the  air  frame  of  the  missile.  This  Is  usually  accomplished  by 
using  the  propellant  space  since  all  propellant  and  warhead  material  are  not  used  for  the  test.  The  sig- 
nal processing  part  of  data  collection  Instrumentation  has  to  be  completely  shielded  from  the  environment. 
This  Is  usually  accomplished  by  packaging  In  a cylinder  with  threaded  end  caps  sized  to  fit  the  propul- 
sion or  warhead  section.  (See  photograph  #1  for  such  a package).  Signals  from  this  package  are  brought 
out  through  a fiber  optic  link  to  the  data  processor.  No  cables  are  used  to  link  the  missile  with  off 
board  Instrumentation  or  test  equipment.  (Riley,  L.H.,  1971). 

The  test  Item  Is  positioned  with  respect  to  the  antenna  to  give  as  high  field  strength  as  possible 
and  remain  in  the  far  field  If  possible.  (See  illustration  12).  In  some  cases  the  design  criteria  cannot 
be  reached  using  our  broad  band  generating  equipment,  thus  the  test  data  is  extrapolated.  The  fields  are 
measured  prior  to  setting  up  the  test  Item.  It  is  also  desirable  to  have  the  men  that  fire  and/or  operate 
the  system  In  the  test  loop.  The  design  criteria  used  on  missile  system  Is: 

For  Electromagnetic  Hazards  (EMH) 

A.  Average  Fields 

1.  Vertical  Polarization 

a.  100  volts  per  meter  (v/m)  In  frequency  range  of  100  KHz  to  100  MHz. 

b.  200  v/m  In  frequency  range  of  IOC  MHz  to  15  GHz. 
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2.  Horizontal  Polarization 

a.  10  v/m  In  frequency  rang*  of  100  KHz  to  10  MHz. 

b.  100  v/m  In  frequency  range  of  10  MHz  to  100  MHz. 

c.  200  v/m  In  frequency  ranga  of  100  MHz  to  15  GHz. 

B.  Paak  Flaldi 

1 . Vortical  Polarization 

a.  200  v/m  In  frequency  ranga  of  100  KHz  to  100  MHz. 

b.  40,000  v/m  In  frequency  ranga  of  100  MHz  to  15  GHz. 

2.  Horizontal  Polarization 

a.  20  v/m  In  fraquancy  ranga  of  100  KHz  to  100  MHz. 

b.  40,000  v/m  In  fraquancy  ranga  of  100  MHz  to  15  GHz. 

For  Elactromagnatlc  Effects  (EME) 

A.  Prelaunch  and  Flight 

Coamunl cation  equipment  with  continuous  wave  (CW)  and  amplitude  modulation  (AM),  for  both  horizontal  and 
vertical  polarizations: 

1.  25  v/m  average  or  CM  and  50  v/m  peak  envelop  field  strength  In  frequency  range  of  100  KHz  to 

2 MHz. 

2.  50  v/m  average  or  CM  and  100  v/m  peak  envelop  field  strength  In  fraquancy  range  of  2 MHz  to 

ioo  mz. 

3.  25  v/m  average  or  CM  and  50  v/m  peak  envelop  field  strength  In  fraquancy  range  of  100  MHz  to 

500  MHz. 

4.  50  v/m  average  or  CM  and  100  v/m  peak  envelop  fl^ld  strength  In  frequency  range  of  500  MHz  to 
1000  MHz. 

Modulations  applicable  to  the  above  are: 

a.  Frequency  Modulation  (FM)  In  the  frequency  range  of  20  MHz  to  100  MHz  to  Include: 

(1 ) 400  Ht 

(2)  1000  Hz 

(3)  All  system  operational  frequencies. 

b.  AM  In  the  frequency  ranga  of  100  KHz  to  1000  MHz  to  Include: 

(1)  400  Hz 

(2)  1000  Hz 

(3)  All  system  operational  frequencies. 

B.  Prelaunch 

Radar  emitters  using  pulse  modulation,  for  both  horizontal  and  vertical  polarizations: 

1.  50  v/m  average  and  10,000  v/m  peak  In  the  frequency  range  of  400  PWz  to  1200  MHz. 

2.  200  v/m  average  and  40,000  v/m  peak  In  the  frequency  range  of  1200  MHz  to  15  GHz. 

C.  Flight  only  - Radar  emitters  using  pulse  modulation 

1.  50  v/m  average  and  10,000  v/m  peak  In  the  frequency  range  of  400  MHz  to  1200  MHz. 

2.  300  v/m  average  and  60,000  v/m  peak  In  the  frequency  range  of  1200  MHz  to  15  GHz. 

Test  planning  Is  a very  Important  pari  of  the  test  program.  Theoretical  analysis  of  the  system  Is  re- 
quired for  the  selection  of  the  circuits  and  the  configuration  to  be  tested  since  It  Is  virtually  Im- 
possible to  monitor  all  circuits  and  test  to  every  sequence  that  missiles  go  through.  Also,  frequency 
modulations  affecting  fall  and  safe  circuit  criteria  have  to  be  determined  for  the  pre-test  analysis  and 
planning.  Typically  antenna  analysis  Is  used  to  take  a quick  look,  or  If  a thorough  analysis  Is  required 
we  use  a digital  computer  program,  transmission-line  analysis.  (GTE  Sylvanla,  1971). 


In  order  to  conserve  testing  time  and  to  preyent  problems  In  obtaining  frequency  clearances  at  high 
power  levels  the  missile  system  Is  setup  for  test  and  then  the  frequency  spectrum  for  the  generating 
equipment  for  the  test  area  1$  swept  through  at  low  level  fields,  one  to  two  volts  per  meter,  to  deter- 
mine resonance  or  peak  responses  of  the  monitored  circuits  and  then  at  these  resonances,  thresholds  are 
determined.  If  possible,  thresholds  are  determined  In  far  field  or  wiiere  (electric  field/magnetic  field) 
E/H  Is  377  ohms.  Where  thresholds  can  not  be  obtained  due  to  limitations  of  the  facility,  extrapolations 
are  made  based  on  the  minimum  sensitivity  of  the  Instrumentation.  During  the  low  level  sweep  probing 
tests  the  worse  case  or  critical  responses  to  modulation  frequencies,  missile  orientation  and  field 
orientation  and  field  polarizations  are  selected. 

A typical  RAO  EMC  test  planning  and  testing  of  a missile  takes  the  following  sequence  of  events: 

1.  A missile  system  project  office  prepares  a scope  of  work  and  furnishes  funds  to  our  labora- 

tory for  the  EMC  tests. 

2.  A test  planning  meeting  held  with  representatives  from  the  project  office,  system  contractor, 

warhead  and  fuze  agency,  and  Test  and  Evaluation  Command.  This  meting  makes  sure  that  everyones  test 

requirements  are  Included  In  the  test  plan.  Also,  that  support  In  conducting  the  tests  are  supplied  by 

the  applicable  groups. 

3.  A test  plan  Is  written.  During  this  period  a theoretical  analysis  Is  performed  for  Inputs 
to  the  test  plan  and  Instrumentation. 

4.  An  Instrumentation  package  Is  designed  and  fabricated. 

5.  Test  plan  Is  coordinated  with  applicable  groups. 

6.  System  assembled  and  checked  out  with  Instrumentation.  This  step  requires  that  the  system 
Is  operational  without  the  environment,  also,  that  the  Instrumentation  is  not  a source  of  EM  pickup. 

7.  Exploratory  tests  - These  tests  are  required  to  determine  critical  frequency  bands  and  mod- 
ulations for  Indepth  testing. 

8.  Indepth  testing  to  determine  thresholds. 

9.  Data  analysis  to  determine  system  problem. 

10.  Design  review  to  determine  fixes  required. 

11.  Imol ament  deslan  fixes. 

12.  Retest  to  determine  effectiveness  of  design  fixes. 

13.  Prepare  test  report. 

3.  TESTING  EQUIPMENT 

Electromagnetic  compatibility  testing  Is  accomplished  using  a broad  band,  high  power  sweep  generat- 
ing system  employing  a unique  arrangement  of  antennas  and  a fully  automated  electronic  control  and  data 
acqulsltlonlng  unit.  The  frequency  renge  covered  Is  100  KHz  to  15  GHz  at  output  powers  up  to  5 KW  average 
power. 


The  lower  frequencies,  100  KHz  to  500  MHz,  are  generated  by  a variable  Inductance  cavity  tuned  sig- 
nal amplifying  system.  This  system  Is  capable  of  sweeping  bands  of  frequencies  when  transmitting  In  the 
continuous  wave  mode  and  some  modulations.  The  transmitter  Is  capable  of  keyed  CW,  amplitude  modulation, 
frequency  modulation  MHz  and  2,5  KW  from  350  MHz  to  500  MHz.  (See  photograph  #2). 

Test  frequencies  from  500  MHz  to  15  GHz  are  produced  by  amplifier  driven  broad  bana  high  power 
traveling  wave  tube  transmitter.  This  unit  is  capable  of  sweeping  In  bands  at  an  output  power  of  1.5  KW. 
(See  photograph  #2). 

Power  1$  radiated  through  a series  of  antennas  starting  at  the  low  frequencies,  100  KHz  to  30  MHz, 
with  a broad  band  high  field  Intensity  array  of  elemental  horns,  sometimes  referred  to  as  a Transverse 
Electric  Mode  (TEM)  wave  guide  chamber.  (See  photograph  #3).  This  unique  array  Is  capable  of  launching 
a plane  wave  from  one  end  of  a 10  X 10  X 10  meter  chamber,  radiating  a test  object  and  collecting  the 
energy  at  the  other  end  of  the  chamber  to  be  dissipated  as  heat  thru  resistors. 

A tog  periodic  antenna  Is  used  In  the  30  MHz  to  350  MHz  region  (see  photograph  14)  and  standard 
gain  horn  antennas  up  to  15  GHz. 

The  IBM  System/7  computing  system  Is  used  and  designed  to  acquire  physical  data  such  as  voltages, 
current,  temperature,  pressure  and  other  measurements  directly  from  transducers.  (See  photograph  #5). 

The  System/7,  because  of  Its  modular  design,  can  handle  the  for  ranging  variety  of  Instrumenta- 
tion signals  generate  1 by  modern  missile  sv.tems. 

Each  module  Is  multifunctional  In  that  It  can  provide  Input  of  128  discrete  binary  data  channels 
as  well  as  64  channels  of  digital  output.  Two  channels  of  analog  output  are  provided  with  32  channels 
of  analog  Input  data,  which  can  bo  read  at  a rate  of  20,000  samples  per  second. 


The  System/7  has  up  to  64,000  words  of  monolithic  storaga  and  a processor  that  Is  faster  than 
either  the  IBM  360  or  the  IBM  770.  Additional  storage  Is  provided  by  a one  fixed  and  one  removable 
disk  cartridge  which  can  store  2,576,000  words. 

The  System/7  serves  EMC  testing  In  four  capacities:  (1)  control  of  RF  transmitters,  (2)  power  and 
frequency  controller  for  Federal  Communication  Commission  (FCC)  limitations  (3)  data  acquisition  and  (4) 
data  reduction. 

The  EM  power  transmitters  used  are  capable  of  sweeping  frequency  as  well  as  power  as  previously 
mentioned.  It  Is  very  desirable  to  maintain  a constant  and  known  E-fleld  at  the  test  Item  location 
es  the  frequency  of  the  transmitter  Is  being  swept.  The  System/7  has  In  memory  for  all  tnnsmlttable 
frequencies,  a three  dimension  E-fleld  map.  The  E-fleld  map  Is  used  by  the  computer  to  control  the  EM 
power  of  the  transmitter  to  produce  a constant  E-fleld  strength  at  the  location  of  the  test  Item. 

Once  the  transmitter  has  been  made  operative  and  the  desired  frequency  band  selected  the  Sy$tem/7 
will  take  over  all  operator  functions.  The  System/7  has  two  other  type  of  transmitter  controls: 

(1)  fixed  frequency  and  fixed  E-fleld  and  (2)  fixed  frequency  and  swept  E-fleld.  No  other  known  test 
facility  has  this  capability  of  sweeping  frequency  while  maintaining  a constant  E-fleld. 

The  EM  transmitters  have  the  power  and  frequency  range  to  cause  local  and  regional  EM  Interference. 
FCC  requires  that  some  frequencies  not  to  be  transmitted  on  and  others  at  reduced  power.  The  Sy$tem/7 
detects  these  frequencies  and  reduces  the  transmitter  power  to  meet  the  FCC  requirements. 

The  System/7  has  three  levels  of  programming:  (1)  assembly  language  (2)  MSP/7  (3)  Fortran  IV,  all 

of  which  can  be  assembled  or  compiled  on  the  System/7  as  a stand-a-lone  system.  The  three  methods  of 
programming  can  be  prepared  on  the  IBM  1130,  1800,  360  or  370  computers  If  desired. 

This  flexibility  gives  the  programmer  ease  In  creating  new  or  modifying  existing  computer  programs 
to  meet  the  need  of  new  and  complex  missile  systems  electromagnetic  compatibility  testing. 

4.  DATA  COLLECTION,  REDUCTION  AND  ANALYSIS 

In  missile  Intersystew  EMC  testing  It  Is  highly  desirable  to  monitor  test  results  continuously  dur- 
ing testing.  The  System/7  controlled  data  collection  system  allows  this.  The  EM  environment  can  then  be 
adjusted  to  provide  optimum  test  data.  This  1$  a closed  loop  test  In  that  test  results  can  control  the 
primary  test  variable  which  Is  the  EM  field  Intensity. 

Ona  major  problem  In  this  type  testing  Is  the  transfer  of  data  from  the  missile  during  testing  with- 
out causing  unrealistic  condition  or  system  degradation.  An  Infrared  data  link  system  was  developed  In- 
house  In  the  1964-66  era.  It  was  first  used  on  Army  missile  systems  tests  In  1966  and  this  was  the  first 
known  such  used  for  EMC  testing.  (See  illustration  #3  for  a typical  EED  monitoring  system.)  (Riley,  L.H., 
1971)  (Muro,  R.B.,  1973). 

Most  of  the  missile  system  measurement  points  are  not  accessible  for  calibration  after  assembly  of 
the  system.  It  Is  necessary  that  Instrumentation  be  temperature  and  age  stable.  Analog  data  Is  converted 
to  time  base  modulation  data  or  frequency  modulated  (FM)  for  transmission  so  that  variations  In  data  path 
length  do  not  affect  the  data.  This  stable  FM  data  acquisition  system  Is  calibrated  In  the  laboratory  for 
field  use. 

The  data  acquisition  system  provides  sensitive  Instrumentation  to  measure  low  field  Intensity  effects 
so  the  data  can  be  extrapolated  Into  qualification  levels. 

The  temperature  monitoring  system  Is  designed  for  use  with  thermocouples  rise  times  as  low  as  250 
microseconds.  The  system  used  to  monitor  control  function  Is  designed  to  monitor  rise  times  as  low  as 
5 microseconds. 

The  test  Item  Is  not  changed  by  the  Instrumentation.  The  Instrumentation  package  Is  designed  small 
enough  to  fit  Inside  the  missile  system  without  affecting  the  missile  electronics. 

A low  level  voltage  controlled  oscillator  system  used  In  conjunction  with  a Gallium  Arsenslde 
light  transmitter  Is  used  to  handle  the  data  Inside  the  missile.  The  data  Is  conveyed  45  meters  to  light 
reception,  discrimination  and  data  processing  equipment  by  fiber  optics. 

The  data  can  be  processed  with  System/7  recorded  simultaneously  with  a direct  write  strip  chart 
and  tape  recorder. 

Less  than  10*  time  capacity  of  System/7  Is  needed  for  the  control  functions  of  the  transmitter. 

The  remaining  computer  time  1$  used  for  data  acquisition  from  the  test  Item.  Each  channel  of  data,  analog 
or  digital,  Is  read  Into  the  computer  then  stored  on  disk  for  data  reduction  at  a later  date. 

At  the  end  of  a test  run  the  data  for  each  channel  can  be  displayed  on  a x,  y graph  giving  a fre- 
quency verse  channel  data  plot.  Multiple  plots  can  be  made  on  one  graph  giving  a clear  relationship  be- 
tween channels  of  data.  Additional  graphics  cathode-ray  tube  (CRT)  display  terminal  with  hard  copies  can 
produce  report  quality  graphs  In  less  than  30  sec.  which  Is  1000  times  faster  than  previous  methods. 

Data  taken  from  these  electromagnetic  compatibility  tests  am  analyzed  to  determine  coupling  and 
leakage  points,  and  circuit  component  degradation  In  the  system.  From  this  test  analysis,  design  Is  re- 
viewed and  a determination  Is  made  on  the  type  fixes  to  be  Incorporated  Into  the  system. 
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5.  COST  IMPACT 

Test  cost  varies  with  missile  size  and  complexity.  A land  combat  antitank  missile  with  approximate 
1y  10  data  channels  can  be  *tsted  thru  the  target  to  stock  pile  sequence  for  $150K  actual  testing  cost 
plus  a system  of  hardware.  The  time  required  is  approx  lately  4 months.  A complex  air  defense  system 
with  a radar  guidance  system  and  approximately  50  channels  of  Instrumentation  can  be  tasted  thru  the 
target  to  stock  pile  sequence  for  S350K  plus  a complete  system  of  hardware.  The  time  required  for  the 
test  would  be  approximately  10  months. 

Tests  described  would  be  for  a missile  system  In  the  research  and  development  cycle.  To  develop 
fixes  and  retrofit  systems  It  would  cost  2 to  5 million  dollars  depending  upon  the  complexity  of  the 
fixes  and  the  systems  deployed.  If  conducted  In  research  and  development  cycle  and  Incorporated  In  the 
design  the  total  cost  of  EMC  hardening  of  the  system  would  be  .5  to  1 million  dollais. 

6.  GENERAL  INFORMATION 
6.1  References 

a.  Riley,  L.H.,  1971,  "Infrared  Data  Link  For  Electromagnetic  Effects  Testing",  Institute  of 
Electrical  and  Electronic  Engineers  (IEEE),  Groups  on  Aerospace  Electronic  Systems  and  Comnunlcatlons 
Technology,  Boston,  Mass. 

b.  GTE  Sylvanla  Incorporated,  Conmunlcatlon  Systems  Division,  1971,  Final  Report,  "Digital 
Computer  Program  For  EMR  Effects  on  Electronic  Systems",  GTE  Sylvanla. 

c.  Rubin,  R.B.,  1973,  "Electromagnetic  Radiation-Electronic  Circuit  Interactions",  University 
of  Texas  at  El  Paso,  Texas. 
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DISCUSSION 

E.  M.  FROST:  To  what  extent  do  you  involve  the  designers  of  the  tested  equipment  in 

the  actual  tests? 

C,  D.  PONDS:  The  system  contractor's  design  a- j Ei.C  engineers  are  a part  of  the  test 

plan  and  conduction  by  the  requirements  of  th»  r contract. 

G.  TREVASKIS:  With  respect  to  the  generation  of  the  very  high  power  levels  at  fre- 

quencies within  the  GHz  range,  using  "crave ling  wave  tubes",  arc  there  any  problems 
with  the  harmonics  generated  and  is  any  filtering  used  on  the  output  to  remove  this 
typo  of  distortion? 

C.  D.  PONDS:  Yes,  if  we  drive  the  TWT  above  saturation.  The  1.5kw  cw  is  the  operation 
belcw  saturation.  At  present,  we  have  no  filter  in  the  system  to  operate  in  the  satu- 
ration area. 

P.  SEVAT:  You  are  testing  your  systems  at  very  high  frequencies  with  peak  voltages  as 

high  as  40,000v/m.  How  do  you  transmit  your  system  responses  from  your  system  to  the 
computer  record  system  by  an  infrared  data  link  with  a bandwidth  you  mentioned? 

C.  D.  PONDS:  With  our  present  system,  we  cannot  reach  40,000v/m  peak  field.  We  either 

extrapolate  from  lower  fields,  or  do  further  work  on  the  bonch.  We  use  the  infrared 
data  link  as  doscribed.  The  40,000v/m  peak  fields  are  only  a carrier  for  the  modu- 
lations wo  do,  not  the  very  high  frequency  responses. 

0.  HARTAL:  1)  How  dc  you  ascertain  that  the  measurement  wires  inside  the  system  do 

not  pick  e.p  more  energy  than  the  system  wires?  2)  When  testing  EEDs , you  measure 
temperature.  A bridge  wire  is  covered  by  primary  explosive  with  temperature  charac- 
teristics different  from  those  of  air.  If  removed,  the  wire  will  achieve  a lower 
temperature  due  to  conduction  and  radiation  to  the  environment.  Do  you  take  account 
of  this  factor,  and  how?  3)  How  do  you  measure  the  20db  EMC  margin  required  in 
6051  for  EEDs?  4)  How  do  you  make  sure  the  EED  does  not  pick  up  and  radiate  EM 
energy  into  the  thermocouple  and  this  is  picked  up  as  a legitimate  signal? 

C.  D.  PONDS:  1)  By  using  a no-operational  system  in  the  environment  to  check  for 

energy  pickup  of  tie  instrumentation  wiring.  2)  We  do  remove  the  primary  explosive 
and  it  does  affect  the  temperature  pickup  of  the  thermocouple.  We  really  do  not  ac- 
count for  this,  except  we  do  RF  Brustcn  test  to  determine  RF  current  differences. 

3)  Wo  account  for  the  20db  safety  factor  by  extrapolations  of  the  threshold  results 
by  20db  to  aeo  if  it  still  comes  within  the  test  criteria.  4)  Wo  measure  on  the 
bench  using  RF  sensitive  instrumentation.  Also,  the  system  can  be  tested  by  starting 
at  very  low  field  levels  and  then  go  to  higher  levels  in  stops.  The  result  a should  bo 
a straight-line  response.  If  not,  there  is  an  instrumentation  coupling  problem. 
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MEASUREMENT  OF  INTERWIRING 
COUPLED  NOISE 
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Torino  - Italy  - 


SUMMARY 


One  of  the  major  problems  arising  in  the  electromagnetic  compatibility  enalysis  of  a complex  system 
such  as  an  airplane  is  the  wiring  interconnecting  the  equipments.  A large  amount  of  interference  is 
plcked-up  among  cables  in  the  same  loom  when,  due  to  limited  available  space,  emitting  and  sensitive  wires 
are  not  sufficiently  separated. 

The  prediction  of  wiring  coupled  effects  is  not  an  easy  task  because  of  the  many  parameters  involved 
related  both  to  the  geometrical  configuration  of  the  cable  loom  and  to  the  electrical  loads  of  the  inter- 
connected circuits.  On  the  other  hand  the  measurement  of  wiring  emission  and  susceptibility  is  not  co- 
vered sufficiently  in  the  present  EMC  specifications.  While  ccnducted  emission  and  susceptibility  problems 
are  considered  rather  deeply,  wiring  radiated  emission  and  susceptibility  effects  are  scarcely  evaluated. 

A test  method  to  measure  the  coupling  interference  and  susceptibility  in  different  load  configurations 
(open  or  short  circuit)  1s  proposed  with  the  advantage  of  having  a realistic  simulation  of  the  wiring 
coupling  mechanism  and  valid  guidelines  for  a better  cable  separation  philosophy. 


1 . INTRODUCTION 

In  MIL-STD-461/462  the  radiated  emission  from  cables  is  measured  by  means  of  test  method  RE01 
(Magnetic  field  30  Hz  to  30  KHz)  and  test  method  RE02  (Electric  field  14  KHz  to  10  GHz).  In  RE01  test 
it  is  stated  that  a loop  antenna  shall  be  positioned  at  a distance  of  7 cm  between  the  center  of  the 
loop  and  the  cable.  The  plane  of  the  loop  and  the  cable  shall  coincide.  In  this  case  one  is  measuring 
the  magnetic  field  emitted  by  the  current  Instead  of  the  cable  radiated  emission  which  should  mainly 
take  into  account  the  cable  length.  The  actual  purpose  of  this  test  seems  to  consist  in  the  control  of 
the  interaction  between  the  cable  under  tent  and  a unit  situated  close  to  it.  In  RF02  test  the  situation 
is  even  worse  because  the  measuring  antenna  is  positioned  at  a distance  of  1 metre  from  the  test  sample. 

No  clear  indications  about  the  actual  wiring  layout  are  given  in  the  test  description.  When  this  test 
is  carried  out,  it  is  never  clear  which  is  the  source  of  the  radiated  interference:  the  test  sample  or 
the  wiring.  In  general,  most  of  emitted  noise  is  produced  by  the  wiring  and  only  a minimum  part  is 
generated  by  the  test  sample.  The  problem  of  defining  the  source  of  radiated  interference  is  quite  im- 
portant because,  in  some  cases,  it  ">•«  have  influence  in  establishing  whose  responsibility  it  is  to  reduce 
the  level  of  emitted  noise  within  EMC  specification  limits.  If,  in  fact,  it  depends  on  the  unit  undBr 
test  the  responsibility  lies  with  the  supplier,  if  it  depends  on  the  wiring  the  responsibility  lies  with 
who  defined  the  equipment  interfaces.  In  conclusion  it  appears  that  RED1  and  RE02  tests  are  not  adequate 
to  measure  the  Interwiring  coupled  noise  mainly  because  they  are  based  on  the  unrealistic  assumption  that 
the  coupling  happens  between  the  wiring  and  the  measuring  antenna. 

The  same  criticism  is  applicable  to  radiated  susceptibility  tests.  In  MIL-STD-461/462  RS01  test 
(Radiated  Susceptibility  30  Hz  to  30  KHz  Magnetic  Field)  and  RS03  test  (Radiated  Susceptibility  14  KHz 
to  10  GHz  Electric  Field)  are  again  an  unrealistic  representation  of  the  wiring  coupling  mechanism  while 
RS02  test  (Radiated  Susceptlbi" • ty  magnetic  Induction  field)  even  if  more  realistic  only  examines  the 
particular  case  of  the  magnetic  induction  fields  of  power  frequency  and  spike  signals. 


2.  MATHEMATICAL  ANALYSIS  OF  THE  TEST  METHOD 

The  equivalent  circuit  of  coupled  lines  for  a length  ix  is  shown  in  Fig.  1.  Applying  the  network 
equations  and  the  matrix  theory  it  follows 
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Only  the  case  ft  -ft  will  be  examinea 
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the  eigenvalues  of  ZY  it  follows  from  (7) 
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Because  A^'Aj  the  eigenvalues  of  A are  completely  known. 

Now  the  eigenvectors  shall  be  calculated  from  the  aquation 
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after  long  and  tedious  calculations  the  matrix  R is  completely  determined  as 
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the  matrix  P is  completely  Known.  Therefore  the  fol1 owing  equations  are  obtained: 
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In  Fig.  2 the  diagram  showing  the  geometrical  and  bIbc) -leal  configuration  of  two  coupled  lines  is  given. 
By  substituting  the  boundary  conditions  in  (15)  after  some  calculations 


37-5 


where  V 


and 


2ca/ic> 


2“/4ca 


represents  V ^ when  ^ — * o»  and  — *• 

represents  when  *7^  as  0 and  ^{,j— 


the  equations  (16)  and  (17)  are  rather  complex.  However,  some  Interesting  conclusions  can  be  achieved 
from  their  examination: 

- at  low  frequency  Is  proportional  to  the  frequency  and  to  the  coupling  coefficient 

- at  high  frequency  depends  on  the  coupled  length  of  the  lines  ond  Is  affected  by  cable  resonances 

- in  both  the  numerators  of  (16)  and  (17)  the  term  ■Hm ufgjifl-x,)  indicates  that  V2  is  affected  by  an 
oscillatory  component  determined  by  mutual  capacitance  and  Inductance  of  the  coupled  lines. 


It  would  be  possible  to  calculate  the  exact  values  of  in  a certai;  frequency  range:  but  this  is 

rather  time  consuming.  Therefore  the  experimental  approach  has  been  used. 


3.  EXPERIMENTAL  MEASUREMENT  OF  THE  CABLE  COUPLING  TRANSFER  FUNCTION 

Ouring  the  evaluation  of  the  EMC  performances  of  a digital  date  transmission  system  a simple  test 
tool  was  used  to  simulate  the  wiring  coupling  mechanism.  It  consists  of  a copper  tube  (1  cm  diameter) 
in  parallel  with  the  wire  under  test  for  a fixed  length  (100  cm)  (Fig.  3).  The  A termination  is  left 
open  (capacitive  coupling)  or  short  circuited  (inductive  coupling) . The  B termination  is  connected  to 
the  measuring  device.  The  wire  under  test  connecting  the  test  sample  to  its  load  runs  parallel  to  the 
test  wire  at  a distance  of  2 cm. 

By  means  of  the  HP  Spectrum  Analyzer/TracKing  Generator  8555A/8443  the  cable  coupling  transfer  function 
was  measured  in  the  frequency  range  U to  100  MHz  in  accordance  with  the  test  set  up  of  Fig.  4 c. 

In  Fig.  5 and  Fig.  6 three  different  curves  are  shown 

- the  curve  N1  represents  the  cable  test  probe  insertion  loss  when  the  A termination  is  open  circuited 

(Fig.  5)  or  short  circuited  (Fig.  6)  measured  in  accordance  with  the  test  set  up  of  Fig.  4 (a) 

- the  curve  N2  represents  the  cable  under  test  insertion  loss  measured  in  accordance  with  the  test  set 

up  of  Fig.  4 (b) 
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- the  curve  N3  represents  the  cable  coupling  transfer  function  when  the  A termination  is  open  circuited 
(Fig.  5)  or  when  the  A termination  is  short  circuited  (Fig.  6)  measured  in  accordance  with  the  test 
set  up  of  Fig.  4 (c). 


The  curves  N1 , 2,  3 of  Fig.  3 and  Fig.  4 have  been  grouped  in  the  same  figure  because  some  inte- 
resting conclusions  can  be  obtained.  It  appears  that  the  peaks  of  the  cable  coupling  transfer  function 
correspond  to  the  resonai  :e  frequencies  of  the  cable  test  probe  and  of  the  cable  under  testi  the  deep 
attenuation  peaks,  viceversa,  correspond  to  the  resonance  between  the  two  cables  and  are  mainly  deter- 
mined by  mutual  capacitance  and  inductance  of  the  cable  coupled  length. 


In  addition  the  following  general  conclusions  are  easily  achieved! 

the  emitted  noi9e  is  proportional  to  the  cable  length  only  in  the  low  frequency  range  (below  the  first 
cable  resonance) 

in  the  high  frequency  range  (above  the  first  cable  resonance)  the  emitted  noise  is  no  longer  propor- 
tional to  the  cable  length  but  it  depends  only  on  the  resonance  frequencies  corresponding  to  n V4 
( is  the  cable  wavelength;  n:  integer). 


4.  MEASUREMENT  OF  INTERWIRING  COUPLED  NOISE 

The  test  tool  which  has  been  previously  described  can  be  used  to  measure  the  wiring  emitted  noise 
in  two  load  configurations  (open  circuit  and  short  circuit).  Fig.  7 (Fig.  Bj  shows  the  diagram  of  the 
interference  generated  by  a digital  data  transmission  unshielded  twisted  line  when  the  A termination  of 
the  cable  test  probe  is  short  circuited  (open  circuited) . From  these  figures  it  appears  that  the  peaks 
at  30  MHz  and  00  MHz  are  due  to  the  twisted  cable  resonance  (this  also  appears  from  the  comparison  with 
the  diagrams  of  Fig.  5 and  Fig.  6).  Knowledge  of  the  existence  of  these  frequency  resonance  peaks  may  be 
very  useful  in  establishing  valid  criteria  for  cable  separation. 

Another  considerable  advantage  of  this  test  method  consists  in  the  possibility  of  evaluating  the 
amount  of  radiated  Interference  due  to  the  wiring  only,  avoiding  the  difficulties  of  test  RE02  of  MIL- 
STO  461/462  where  the  total  radiated  emission  from  the  equipment  under  test  is  measured. 

The  radiated  emission  generated  by  an  impulse  generator  connected  to  its  load  by  a cable  two  metres 
long  has  been  measured  in  accordance  with  the  test  method  RE02.  The  radiated  interference  is  above  the 
specification  limit  in  the  frequ^..cy  range  30  MHz  to  90  MHz  (Fig.  9).  As  far  as  test  RED2  is  concerned, 
the  equipment  under  test  would  not  seam  acceptable.  The  same  test  has  been  repeated  disconnecting  the 
equipment  from  the  cable  and  connecting  the  load  directly  to  its  input  terminals:  no  radiated  interference 
was  measured  (Fig.  10).  The  conclusion  is  that  the  radiated  interference  measured  in  test  RE02  only 
depends  on  the  wiring. 

The  wiring  coupled  noise  measured  in  accordance  with  the  technique  described  here  is  shown  in  Fig. 
11  and  represents  the  measurement  of  the  expected  noise  coupled  into  the  cables  running  in  proximity  of 
the  wiring  under  test. 

The  two  curves  show  the  open  circuit  and  short  circuit  diagrams;  it  appears  that  below  5 MHz  the 
emitted  noise  level  is  well  below  70  dB.uV  / MHz.  The  situation  may  become  critical  in  the  frequency 
range  10  to  100  MHz  where  the  wire  emitted  noise  is  above  80  dB^uV  / MHz;  therefore  some  precautions  shall 
be  taken  in  order  to  prevent  possible  interference  problems. 

Wiring  susceptibility  tests  can  be  performed  using  the  same  technique  and  the  same  cable  test 

probe. 


5.  CONCLUSIONS 

The  advantages  of  performing  the  proposed  tests  during  a program  of  electromagnetic  compatibility 
can  be  summarized  as  follows: 

- Realistic  simulation  of  the  wiring  coupling  mechanism 

- Possibility  of  determining  the  level  of  wiring  radiated  interference 

- Possibility  of  classifying  the  cables  in  accordance  with  their  emission  levels  for  a better  philosophy 
of  cable  separation 

- Evaluation  of  radiated  interference  due  to  the  wiring  in  comparison  with  the  total  radiated  emission 
piece  of  equipment. 

The  measurement  techniques  described  here  has  already  been  proved  valid  during  the  electromagnetic 
compatibility  study  of  an  aircraft. 
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DISCUSSION 

R.  OLESCHi  What  is  the  db  scale  in  Figure  77 
B.  AUDONE:  *40db  peak  to  minimum. 

E.  M.  FROST:  Your  measurements  are  made  up  to  100  Hits.  Within  the  last  year  or  so, 

even  the  cheapest  semiconductor  devices  will  work  up  to  at  least  200NHs;  therefore, 

EMC  difficulties  can  be  expected  up  to  these  frequencies  from  normally  low  frequency 
analogue  circuits. 

B.  AUDONE:  The  measurement  has  been  performed  in  the  frequency  range  0 to  100  MHz  only 

bi  a.i  ie  because  of  the  particular  t..ble  le.igth  chosen.  The  purpose  of  the  vtut 

was  to  highlight  the  resonance  cable  problems  only. 


ON  THE  EVALUATION  OF  MAN-MADE  ELECTROMAGNETIC  NOISE 
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SUMMARY 

The  electromagnetic  waves  In  the  Extremely  low  Frequency  range  have, 
even  in  a dispersive  medium  like  non  water,  a High  penetration  power. 
Their  suitability  for  communi rat  ions  also  with  submerged  receivers  in 
therefore  evident..  Because  of  their  negligible  transmission  losses  it  is 
possible  to  communicate  informations  also  at  circumterrestrial  distances, 
even  with  a very  small  irradiated  power.  The  propagation  takes  place  in 
the  earth- i onr.aphere  cavity,  which  from  the  point  of  view  of  the  noise  is 
not  properly  an  ideal  transmission  line.  To  obtain  the  best  performance 
it  is  necessary  ns  in  any  other  type  of  telecommunications,  to  know  the 
behaviour  of  the  natural  background  noise  with  its  spectral  structure  and 
statistical  characteristics.  Moreover  there  are  also  in  such  a "line" 
addit  lonnl  Interferences  int  roduced  by  man-made  noise.  The  E.L.F.  propa- 
gation In  dispersive  natural  layered  media  such  us  the  sea,  the  sea  bed, 
and  generally  the  earth’s  crust,  can  be  used  as  a tool  for  investigating 
the  internal  structure  of  t ho  geological  layers  and,  as  a consequence  to 
localize  underground  resources.  Some  complex  phenomena  produced  in  the 
magnetosphere  can  bo  studied  by  means  of  this  tool.  Besides  also  a 
passive  detect,  ion  of  a natural  phenomena  and  its  interpretation  or  meas- 
uremont  ran  ho  considered  as  an  unidirectional  transmission  channel. 

This  paper  is  intended  to  examine  the  "mechanics"  of  some  aspects  of  the 
man-made  electromagnetic  noise  at  the  E.L.F.  that  are  the  most  favorable 
for  propagation  in  dissipative  media.  In  particular  the  e.m.  noise  Is 
considered  ns  generated  hy  a moving  ship  in  the  vicinity  of  an  elect. ro- 
magnetic  sensor  immersed  in  the  sea.  Mathematical  and  experimental  ap- 
proaches for  an  estimation  of  such  noise  are  proposed.  Some  experimental 
results  obtained  in  the  Tyrrhenian  sea  are  shown  in  accordance  with 
theories  and  experiments  developed  by  many  authors  (1EF.E  Transact  ion  on 
COMMUNICATIONS,  April  1074).  Local  natural  background  noise  ns  well  as 
nearby  and  far-off  man-made  noise  will  be  considered  in  the  context  of  a 
general  transmission  channel. 
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1.  GENERAL 


Comib-j'-, l cats cm»  in  dispersive,  layered,  media  such  as,  in  the  sense  above  mentioned 
can  be  performed  hy  means  not  only  of  acoustic  waves  but  also  by  using  Electromagnetic 
waves  in  the  ELF  range.  It  is  well  known  from  the  electromagnetic  propagation  theory 
in  dissipative  medium  (Refs.  1,  2,  3,  4,  IS, 18)  that  t>  e dependence  from  the  frequency  of 
the  field  intensity  is  established  in  a given  point  of  the  space  where  the  perturbation 
takes  place,  by  means  of  the  "characteristic  frequency"  of  the  medium  which  is  a function 
of  the  electric  conductivity  (a)  and  of  the  dielectric  constant  (e)  of  the  medium 
and  is  expressed  by  the  following  expression 


The  rase  considered  here  is  that  of  an  electromagnetic  sensor  (receiver)  immersed  in  sea 
water.  The  signal  (or  noise)  detected  (and/or  produced)  in  the  sea  by  such  a sensor  is 
the  resultant  effect  of  the  combination  of  many  different  noises,  natural  and  man-made, 
which,  furthermore,  are  affected  by  the  different  propagation  conditions  due  to  the 
broadband  spectral  structure  of  the  signal,  and  by  the  intrinsic  noise  of  the  sensor 
(Fig.  1). 


2.  NATURAL  NOISE 

Noise  of  natural  origin  consists  mainly  of  signals  coming  from  far  off  thunder- 
storms or  nearby  lightnings  in  the  earth-ionosphere  cavity,  or  from  other  complex  phe- 
nomena produced  in  the  Magnetosphere  (Ref.  5).  These  phenomena  have  been  studied  and 
are  still  being  continuously  surveyed  by  many  scientists;  any  how  some  sort  of  classi- 
fication of  such  noises  has  already  been  done  (Refs.  6,  7»  17).  The  knowledge  of  this 
classification  enables  one  within  certain  limits  to  reduce  the  disturbing  effects  of 
these  phenomena  on  transmissions  in  the  same  frequency  range,  either  with  appropriate 
codification  and  signal  processing,  either  with  particular  design  and  set  up  of  the 
receiving  antennas.  The  general  aspect  of  the  noise  requires  a statistically  based 
evaluation  for  establishing  its  typical  characteristics. 


3.  MAN-MADE  NOISE 

Man-made  noise,  in  this  particular  case,  is  generally  produced,  by  strong  current 
transients  or  variations  happening  in  the  vicinity  of  the  sensor: 

a)  A.C.  power  lines  on  land  (SO,  60  Hz),  railways,  industries,  Electric 
power  generators,  close  to  the  coast  line  (but  not  necessarily  as 
will  be  seen  later),  switchings  in  general. 

b)  Underwater  cables  (i.e.  telex,  power  lines)  placed  in  the  vicinity  of  the 
sensors . 

c)  Ships  of  any  type  passing  near  the  receiving  sensors. 

The  noises  related  to  a)  and  b)  can  be  relatively  well  studied  and  classified,  mainly 
because  their  geometrical  position  with  respect  to  the  receiver  is  fixed.  Such  geometry 
must  be  taken  into  account  in  every  particular  case. 
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The  disturbance  related  to  ship  traffic  (c),  presents  a vast  casistic  and  variability 
which  is  due  mainly  to  the  following'  reasons: 

1st!  The  intrinsic  noise  of  the  ship,  which  is  essentially  produced  by 
electric  machinerj  and  electronic  apparatus  on  board  and  by  hull 
corrotion  currents,  presents  always  a complex  spectral  structure. 

2nd:  The  geometry  of  the  system,  that  is  the  relative  motion  of  the  ship 
with  respect  to  the  sensor,  implies  the  knowledge  of  the  velocity, 
direction  (course),  the  boundary  conditions  of  the  propagation  field 
and  all  the  parameters  of  the  medium  involved  in  the  propagation 
expressions . 

The  "Geometry  Influence"  which  in  principle  could  be  calculated,  even  with  some  dif- 
ficulty, on  the  base  of  the  propagation  theory  in  dissipative  media,  introduces  an 
additional  time  dependence  to  the  already  complicated  structure  of  the  noise. 

Figure  2 shows  some  implications  which  must  be  considered  when  evaluating  the  noise 
received  by  a submerged  sensor. 

The  interaction  between  the  two  above  mentioned  aspects  (1st  and  2nd)  produce  at  the 
receiver  a sort  of  quasi-deterministic  process.  A tentative  model  of  approaching  the 
problem  is  given  below. 


4.  SIMPLIFIED  MATHEMATICAL  MODEL 

What  we  consider  here  is  an  elementary  Rice-Transmitting  system,  consisting  of 
the  transmitting  ship,  the  location  of  which  is  the  origin  of  a cartesian  reference 
plane  X,Y,  and  a dipole  receiving  antenna  moving  along  an  arbitrary  line  (Larb)  on 
the  same  plane.  The  coordinate  system  lies  on  the  sea  surface  and  the  position  of 
Larb  is  defined  by  r0  and  cp0  as  shown  in  Fig.  3. 

The  electrical  field  vectors  are  given  in  this  case  by  the  relations:  Refs.  8 & 9. 

Ep  = . ~ 1 + (1  + Yj*r)e  * r cos  ® , r ( 1 ) 

E = — - . “ 2 - (1  + y . r)  e "‘yi  * r sin  cp  . cp  (?) 

V 2ttct  rs  l 

where 

I = current  through  the  transmitting  dipole 
l = length  of  the  transmitting  dipole 
Y - yiuiuo  (propagation  constant) 
u)  = 2TTf  rad/s  (frequency  generated  by  the  ship) 
li  = 4tt  X 10”  ? H/m 

ct  =4  mho/m  (sea  water  conductivity) 
r0  = closest  distance  Larb  - Origin 
r = istantaneous  distance 

These  formulae  are  valid  for  all  of  the  plane  X,Y,  and  allow  the  value  of  the  Electric 
field  component  in  any  point  of  the  arbitrary  line  (larb)  to  be  computed: 

^arb  = ^r  cos  a ” Pepsin  a 


(3) 


where 


a - t[  + («p  - «p0  ) 

Set-ting  A (1  + y.  r)  e“  ^ ' r we  have 


Earb  “ f (1  + A)  cos  Sp 5 * *  008  a - ( 2 - A)  sin  cp  sin  a]  (4) 

” , •—  [ coa(cp  + a)  - sin  cp  ain  a + A coa(cp  - a)  ] 

From  Fig.  3 we  seen  that 

r ~ Vr2  + x8arb 

and 

. . ^arb 

a)  “ cp  -Arctan— — 

0 ro 

where  X#rb  is  computed  from  the  point  (of  the  line)  most  close  to  the  origin  0 
of  the  axis  (X0 ) . 

Earb 

In  Fig.  4(b)  the  computed  value  is  shown  of  — — — in  function  of  r for 

Iv 

ij)  “ 30  m,  0 ••  90°,  cp  =*  180°,  and  in  Fig.  4(a)  for  0 = 0°,  cp”  90°. 

Figure  5(b)  shows  an  experimental  result  of  a parallel  passage  of  an  artificial 
dipole  source  on  the  Receiving  dipole,  and  Fig.  5(a)  a perpendicular  passage  of  the 
same  source  on  the  same  Receiving  dipole  (Refs.  9>  16). 


5 . PRACTICAL  MODEL 

The  moving  ship  is  regarded  as  a transmitting  dipole  antenna  (NT)  with  a known 
associated  dipole  moment  (M  ■ 14),  moving  with  a constant  velocity  v in  a direction 
parallel  to  a fixed  receiving  dipcle  of  the  same  size  (R)  placed  in  the  sea  water 

(Fi«.  6). 

The  general  formula  of  the  electric  field  component  detected  by  R is 

M 1 

E = - — . — cos  |[a+  9 - sin  a sin  $ + k cos(a-g)]!  (5) 

Zttcj  r“ 

where 

E = electric  field  component 
a “ sea  water  conductivity 

Kn  *■  transmission  coefficient  «*  (l  + ynr)  e-^n  r 
M = It  » dipole  moment 

Yn  “ y/  = g'-ii  propagation  constant 

r «•  horizontal  distance  (NT-R) 

r0  *»  shortest  distance  (NT-R) 

a4g  * relative  angles  ^ , 

ft  « skin  depth  =*  ( - —77-  ) 
w n v it  ] c 
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With  some  aimplif ications  due  to  the  particular  geometrical  symmetry  we  obtain 


E 


i 


M 

2rw 


r» 


[ 
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(6) 


In  which  E^  clearly  dependa  on  the  frequency,  through  , a fraction  of  the 
frequency. 


This  frequency  dependence  ia  very  important  when  the  radiated  noiae  ia  broadband. 
In  such  a case  the  broadband  signal  must  be  processed  to  establish  its  frequency 
components  and  to  compute  for  each  of  them  the  relative  partial  electric  field 
intensity  E^  or  the  associated  dipole  moment  of  the  source.  The  general 
formula  (6)  will  be  then  applied  to  each  frequency  component  in  order  to  evaluate 
the  total  electric  field  intensity  (or  the  total  associated  dipole  moment),  as 
follows: 


E„  = 


Mi  if  r0  8 -j 

- L1"3  “ +KlJ 

IT  [l-3?  + K»] 


Ma_ 

2rra 


(7) 


where 


E = . - - ["  I - 3 — + K 1 

n 2tt  a r*  [_  r nj 


n = 1,  2,  ...  i,  ...  represents  the  order  of  the  frequency  component. 


Simple  mathematics  gives  also  the  associated  total  dipole  moment  Meff 


n 

E 

i=l 


[l  - 3 + (1  + Yir)  e"YirJ 


(8) 


The  value  of  each  single  E?  can  be  determined  by  means  of  spectral  analysis 
by  comparison  with  a known  calibrated  signal  (Fig.  7). 


In  the  experimental  model  the  intrinsic  noise  of  the  moving  ship  was  simulated 
assuming  it  to  have  a rectangular  shape  with  a basic  frequency  of  30  Hz;  Figure  5(b) 
shows  the  signal  detected  by  the  parallel  sensors.  In  Fig.  7 the  power  spectrum  is 
shown  of  a constant  30  Hz  square  wave  signal,  the  area  of  each  spike  component  is 
proportional  to  the  corresponding  electric  field  intensity  (E|).  For  reference  a 
calibration  signal  is  also  shown  in  Fig.  7. 


6.  VELOCITY  DEPENDENCE 

In  order  to  evaluate  the  influence  of  the  velocity  on  the  received  noise  we 
perform,  now,  another  simplification  of  the  model,  viz.,  the  intrinsic  noise  of  the 
ship  is  assumed  to  be  a pure  sinusoid.  In  this  case  behaviour  of  the  signal  detected 
at  the  receiver  will  be  similar  to  that  shown  in  Fig.  5 but  the  harmonic  content  will 
be  limited  only  to  the  fundamental.  Figures  5(a)  and  5(b)  show  clearly  that  the 
received  signal  is  not  stationary  at  all. 
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If  the  signal  were  a constant-level  sinusoid,  the  relative  power  spectrum  (for  an 
infinite  time  sample)  whould  be  a very  narrow  spike;  instead,  when  the  constant 
level  condition  is  not  verified,  a broadening  of  the  narrow  spectral  spike  is  to  be 
expected,  corresponding  to  a frequency  smear.  In  principle,  it  should  then  be  to 
associate  somehow  the  level  variation  with  the  corresponding  frequency  spreading  Af. 

Assuming  the  condition  verified  that  the  propagating  signal  in  the  sea  vanishes  with 
the  inverse  cube  law  of  the  distance  (Ref.  7)  and  keeping  the  ship's  velocity  v 
constant,  one  can  express  the  intensity  of  the  signal  detected  by  the  fixed  sensor 
as  follows; 


I(t)  - 


sin  u)  t sin  ai  t 

(r-vt)»  “ r»  (1-  2LL)a 


if  we  set  vt«r  with  r > 8 (skin  depth) 


I(t) 


, sin  (u  t 


The  maximum  values  of  function  I(t)  are  found  for: 


tl=2VJ  t,  = ; ...  etc... 


then 


Ij  = l(tx)  - e" 


3 vtt/2  u)  r 


I,  - I(ta)  - e 
and  the  ratio  ly/l,  will  be 


15  vn/2  tu  r 


I 3 vtt/2  tu  r(l-5)  -6vn/ir 
_-e 


Consequently  the  loraritmic  decrement  is  obtained: 
6 v it 


e 


Similarly,  for  a harmonic  motion  with  logaritmic  damping  we  have: 
„ n _ tt  A f 


then 


Af  - SI  = iv 
Tt  rrr 


(9) 


(10) 


(11) 

(12x) 

(12,) 

(13) 

(14) 

(15) 

(16) 


In  Fig.  8 the  computed  values  is  shown  of  Af  in  function  of  the  distance  for 
different  values  of  ship's  velocity  v. 
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7.  ANALYSIS  OF  THE  NOISE 

The  bandwidth  of  the  ship  signal  (aan-made  noise)  is  function  of  the  source 
speed.  This  signal  is  detected  by  the  submerged  sensor  together  with  the  natural 
background  noise: 

*R  " NS  + NN 

where 

Nr  = Total  received  noise 

Ng  = Ship  noise  (assumed  to  be  sinusoidal) 

Nr  ” Natural  background  noise 

To  be  analyzed,  Nj^  is  generally  introduced  into  a filter,  the  response  of  which 
will  be  the  resultant  of  two  components 


'Ns  “ Response  to 

NS 

(sinusoid) 

'Nn  = Response  to 

Nn 

(always  p"  -sent) 

To  evaluate  the  processing  is  simple.  In  order  tj  evaluate  , it  is 

necessary  to  investigate  whether  N}j  is  normally  distributed.  In  such  a case 
(Ref,  10)  the  r.m.s.  value  of  the  filter  output  is 

* - 

where 

83  Power  spectral  distribution  function 
B = Noise  bandwidth 

The  level  fluctuation  of  the  noise  in  the  filter  will  be  characterized  by  the  product 
B x T - 1 

In  fact  the  normalized  standard  error  of  the  output  amplitude  is:  (Ref.  10) 


e - Hal 

tn  2/BT 

In  other  words,  this  expression  represents  the  noise  fluctuation  in  the  filter, 
which  then  has  a number  of  degrees  of  freedom:  n ■ 2 BT  ■ 2.  On  this  base  it  is 

possible  to  define  the  recognition  threshold  between  Ns  and  Ng. 

The  background  noise  (in  absence  of  ship)  cannot  be  considered  stationary  because 
of  the  presence  of  "strange"  spikes.  A selection  was  then  made  of  "quiet  samples" 
and  "spiky  samples"  of  the  received  noise.  Fig.  9.  By  means  of  a procedure  suggested 
by  Bendat  and  Piersol  (Ref.  10)  the  following  analysis  conditions  were  established 
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T B n 

16  s 0,6  Hz  20 

160  s 0,6  Hz  200 

The  fluctuation  of  the  power  spectral  density  related  to  each  single  B can  be 
expressed  in  terms  of  normalized  standard  error 

„ _ ft  1 

*■  M yT? 

where,  in  the  present  case: 

a = Standard  deviation  of  each  of  the  independent 
measurements  (in  this  case  100) 

M = Mean  value  of  all  at 

In  the  present  analysis  the  following  quantities  were  computed: 

M^0  " Mean  value  of  10  mean  values  (Mj,  M2,  •••  M^o)  of 

10  independent  measurements 

ctMiq  “ Standard  deviation  of  M^,  M2,  ...  M10 

Assuming  R “ l/et  it  is  possible  to  define  the  apparent  value  of  R: 

[r]  - /It  - yio  - 3.3 

CTMio 

In  the  analysis  one  generally  finds,  (Ref,  7) 

[r]  < JTo 

8.  SOME  RESULTS  AND  CONCLUSIONS 

Figure  10  s.  ,ws  the  power  spectral  analysis  of  a "quiet  sample";  one  can  see 
that  R a,  I ' < y 10,  and  that  the  distribution  is  almost  gaussian.  The  presence 
of  the  Schu..._nn  modes  is  evident  (Refs.  7,  12,  14). 

In  Fig.  11  the  same  analysis  was  carried  out  for  a "spiky  sample",  and  it  was 
observed  that  R<  2 < J 10.  This  means  that  for  samples  of  long  duration  the 
distribution  of  the  background  noise  is  not  gaussian,  as  was  demonstrated  also 
by  Bernstein  et  al.  March  1974  (Ref.  11). 

In  Fig.  12  the  power  spectral  analysis  is  shown  of  natural  background  noise 
detected  by  means  of  two  parallel  dipole  antennas  placed  on  the  sea  bottom 
(Tyrrhenian  sea). 

The  remarkable  fact  is  that  the  spike  around  17  Hz  disappears  in  the  analysis 
of  the  difference  of  the  two  signals,  as  it  does  with  Schumann  modes  this  means 
that  the  signal  reaches  the  two  sensors,  (spaced  about  1 km  apart)  with  the  same 
phase  and  the  same  amplitude.  This  leads  to  the  conclusion  that  the  source  is 
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quite  far  away  fron  the  aenaor'a  sone.  The  apike  in  queation  can  be  produced  by 
A.C  railway  power  lines,  with  a frequency  of  16  2/3  H*  uaed  in  aoae  placea  in 
Europe , 

Some  approachea  to  the  background  noiae  evaluation  problem  in  the  ELF  range,  have 
been  outlined  above.  This  evaluation  ia  eaaential  for  optimizing  the  perforaance 
of  a tranaaiaaion  channel  in  auch  a frequency  range  (Ref,  13).  For  aodelling  aoae 
reatrictive  assumptions  were  made,  but  with  a more  complex  and  sophisticated  signal 
processing,  the  results  could  be  more  detailed. 
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Fig.  1 CLASSIFICATION  OF  VARIOUS  ELECTROMAGNETIC  NOISE  COMPONENTS 
FOR  A SUBMERGED  RECEIVER 

(TD)^  = Time  dependence  for  each  single  process 
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Fig. 2 IMPLICATIONS  FOR  EVALUATING  THE  PROXIMITY-RANGE  SHIP  NOISE 


Arbitrary  Scale 
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Fig.  10  ANALYSIS  OF  A QUIET  SAMPLE 

(G.  Tacconi,  NATO  ASI,  Spatind  74) 
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DISCUSSION 


G.  H.  HAGN;  You  attribute  the  energy  at  16  2/3  Hz  to  train  power  lines  in  Norway. 

The  railroads  of  Central  Europe  (e.g.,  Germany)  operate  on  16  2/3  Hz,  and  perhaps  the 
energy  observed  in  shallow  water  in  the  Tyrrhenian  Sea  comes  partly  from  them  as  well 
as  from  those  in  Scandanavia. 


G.  TACCONI:  I have  not  investigated  completely  the  railway  power  supply  distribution 

in  Europe,  but  further  investigation  seems  worthwhile.  Thank  you. 


AUTOMATIC  TESTING  OF  AVIONICS  SYSTEMS  FOR  ELECTROMAGNETIC  COMPATIBILITY 


Edmund  T.  Tognola 
Jack  Rubin 

US  Army  Electronics  Commend 
Avionics  Laboratory 
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SUMMARY 

This  paper  describes  a technique  of  semi-automatic  electromagnetic  compatibility  (EMC)  testing  that  has 
been  developed  at  the  US  Army  Avionics  Laboratory,  Fort  Monmouth,  NJ,  USA.  The  technique  was  developed 
to  reduce  EMC  testing  effort  and  to  provide  a more  comprehensive  test  program.  The  method  used  to 
accomplish  the  task  involves  the  use  of  a data  acquisition  unit  integrated  into  the  aircraft  avionics  and 
electrical  subsystems.  This  enables  the  test  engineer  to  gather  EMC  performance  data  on  the  system  in 
its  natural  environment.  The  on-board  recorded  data  is  subsequently  reduced  by  computer  using  specially 
developed  programs  to  determine  areas  of  non- compatibility.  The  results  of  the  investigation  indicate 
that  the  technique  of  using  a data  acquisition  system  for  EMC  testing  is  feasible  and  requires  less  test 
effort  and  provides  more  complete  and  accurate  results  than  conventional  EMC  testing. 


1.  INTRODUCTION 

The  problem  of  electromagnetic  interference  or  EMI  in  aircraft  systems  has  increased  signifi- 
cantly in  recent  years  due  to  the  rapid  growth  in  the  development  of  complex  electrical  and  electronic 
equipment  now  Installed  in  operational  aircraft.  EMI  has  become  a serious  detriment  to  the  operation 
of  aircraft  for  the  military  because  it  degrades  reliability  and  operational  efficiency. 

EMI  can  cause  a problem  in  an  aircraft  due  to  an  interaction  between  an  avionics  system  or 
power  system  and  other  avionics  systems  installed  in  an  aircraft.  This  interaction  can  produce  undesir- 
able effects  which  degrade  the  performance  of  such  systems.  ‘Ibis  degradation  results  in  loss  of  accuracy 
of  interpretation  whether  presented  orally,  visually  or  mechanically.  For  example,  EMI  can  cause  excessive 
noise  on  audio  channels,  excessive  bearing  error  in  direction  finding  and  compass  syBtemB,  and  cross 
modulation  in  transmitting  and  transponder  systems. 

As  we  look  into  the  future,  it  can  be  assumed  that  the  rapid  growth  in  complexity  of  the 
electronic  systems  on  board  an  aircraft  will  continue  and  we  will  need  improved  methods  for  detecting  EMI 
problems  in  order  to  achieve  electromagnetic  compatibility  (EMC). 

At  present,  EMC  testing  of  military  aircraft  generally  requires  considerable  aircraft  down  time 
and  man  hours  to  accomplish.  In  addition,  the  EMC  data  obtained  is  often  based  on  the  subjective  Judge- 
ment of  the  person  performing  the  test.  The  test  procedures  at  present  are  to  operate  one  equipment 
while  monitoring  all  other  equipments  for  evidence  of  malfunction,  and  to  repeat  this  test  so  that  all 
modes  of  operation  of  the  equipments  are  checked.  The  testing  must  consider  all  combinations  of  equip- 
ments in  the  source/victim  rolls . Because  of  the  large  number  of  different  combinations  of  equipment, 
considerable  time  would  be  required  to  completely  check  an  aircraft  for  EMC  and  the  test  plan  must  be 
compromised  in  order  to  select  which  of  the  many  possible  tests  will  be  done  in  the  time  available. 

In  looking  for  ways  to  reduce  this  time  and  effort,  the  Army  Electronics  Command  has  explored 
the  concept  of  developing  an  automated  EMC  test  capability  using  a data  acquisition  system.  The  idea  of 
such  a system  is  to  make  EMC  testing  a simple  procedure  which  can  be  done  on  the  ground  or  in  flight. 


2.  TECHNIQUE 

Monitoring  of  EMC  and  system  performance  required  provisions  for  incorporating  an  onboard  EMC 
performance  test  system.  Properly  shielded  cabling  wbb  run  from  all  test  points  to  an  onboard  data 
acquisition  unit  (DAU).  Recording  of  data  was  accomplished  on  a sampling  basis  using  an  appropriate  tape 
recording  system.  Recorded  data  was  analyzed  by  computer  to  determine  system  performance. 

The  type  of  data  measured  automatically  by  this  technique  was  the  electrical  bonding  of  the 
electronics  equipments  to  the  airframe  and  the  measurements  of  electromagnetic  interference  data  between 
aircraft  subsystems.  All  tests  were  performed  by  the  standard  manual  techniques  in  addition  to  using  the 
automated  data  acquisition  system.  The  data  obtained  by  the  two  methods  was  compared. 


3.  DESCRIPTION  OF  ACHIEVEMENTS 

3.1  Bonding  Measurements 


The  automated  bonding  measurements  were  made  ua^ng  a Wheatstone  bridge  circuit  with  the 
resistance  of  the  bond  aa  the  unknown  arm.  (ANDERSON,  C.F.W.,  197I*)  The  data  acquisition  system  compared 
the  unknown  to  a reference  resistance.  The  manual  bonding ' foessurements  were  made  using  a Shallcrose 
milllohmmeter . When  the  data  obtained  by  the  two  methods  was  compered,  it  was  found  that  there  was  poor 
agreement  between  the  data  acquisition  system  and  Shallcroas  milliohmmeter  bonding  measurement  value*. 

It  wts  determined  that  the  physical  pressure  used  by  pressing  the  Shallcrone  probe  to  the  bond  actually 
changes  the  bonding  resistance.  It  war  concluded  that  the  bonding  measurements  using  the  automated  data 
acquisition  system  end  the  bridge  circuit  are  more  truly  representative  of  the  actual  resistance  of  a 


particular  bonding  path  than  measurements  made  using  the  Shallcross  milliohmmeter. 
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3.2  Electromagnetic  Compatibility  Test  Results 

Figure  1 shows  a graphical  comparison  of  the  automated  EMC  data  and  manual  voltmeter  EMC  data 
‘taken  across  the  pilot's  headset.  The  graph  is  a plot  of  millivolts  versus  run  number  where  each  run  is 
a different  combination  of  equipments  keyed,  different  modes  of  operation,  different  tuned  frequencies, 
etc.  Each  point  on  the  automated  data  curve  represents  the  absolute  average  of  one  thousand  samples 
taken  by  the  data  acquisition  system.  Efech  point  on  the  conventional  curve  was  taken  l Jhually  using  a 
vacuum  tube  voltmeter.  A comparison  of  the  two  curves  showB  general  agreement  \o  a fraction  of  a milli- 
volt. Tile  largest  variation  between  the  curves  is  during  run  numbers  27,  28,  end  29  where  the  separation 
is  about  1.4  millivolts.  During  these  runs  the  landing  light  was  turned  on.  The  landing  light  draws 
more  power  than  any  other  equipment  during  the  test  and  it  was  found  that  there  was  magnetic  coupling 
between  the  landing  light  cables  and  the  signal  leads  to  the  DAU.  This  caused  a slight  increase  in  the 
recorded  signal  levels.  In  future  installation,  care  must  be  taken  to  prevent  such  coupling  by  keeping 
signal  leads  separated  from  high  current  cables . 

The  high  peak  on  run  17  shows  interference  data  when  the  victim  receiver  is  tuned  to  the 
second  harmonic  of  a transmitter. 


Figure  2 shows  graphical  comparisons  of  automated  and  manual  ambient  noise  data.  This  data  was 
obtained  with  all- equipments  turned  off  except  the  victim.  The  higher  points  on  the  curve  (runs  3,  15 
and  l6)  represented  tests  of  the  automatic  direction  finding  equipment.  This  equipment  has  an  untuned 
crystal  detector  front  end  and  therefore  the  ambient  noise  is  higher.  This  graphical  comparison  Bhows 
good  agreement  between  the  data  obtained  manually  and  with  the  data  acquisition  system. 

3.3  Transient  Testing 

Automatic  transient  testing  was  accomplished  by  electronically  integrating  the  Bhort  duration 
transients.  This  had  the  effect  of  stretching  the  input  signal  so  that  the  data  acquisition  system  could 
sample  and  process  it.  The  automatic  system  was  demonstrated  to  be  capable  of  measuring  EMC  transients, 
and  of  providing  a means  of  recording  such  disturbances  which  is  superior  to  that  of  the  conventional 
methods . 


4.  DATA  COLLECTION  SYSTEM  DESCRIPTION 

For  the  study  in  automated  electromagnetic  compatibility  testing  a R&D  data  acquisition  system 
was  used.  The  system,  because  of  its  broad  capabilities,  does  not  represent  the  prototype  system  that 
is  anticipated  as  the  final  test  system.  The  R&D  system  provides  the  opportuniv.y  to  gather  large 
quantities  of  data  which  completely  describes  the  system  performance  of  the  units  under  test.  It  is 
designed  to  accept  a wide  variety  of  input  signals,  thereby  making  the  system  extremely  versatile.  Because 
of  the  capability  of  withstanding  flight  conditions,  the  data  acquisition  system  is  able  to  gather  systems 
data  as  the  test  vehicle  is  flown  in  its  natural  environment. 


The  airborne  system  consists  of  the  equipments  Bhown  in  Figure  3.  It  includes: 

Data  Acquisition  Unit  (DAU) 

DAU  Control  Unit 

Instrumentation  Recorder 

Recorder  Control  Unit 

High  Density  Digital  Encoder 

The  functional  block  diagram  of  the  DAU  is  shown  in  Figure  4. 

The  DAU  can  accommodate  63  analog  inputs,  55  of  which  can  be  signal  conditioned,  3 synchro 
inputs,  and  22  discrete  or  bilevel  inputs.  (VECTOR,  1972) 

The  signal  conditioner  is  programable  to  accept  analog  inputs  in  several  ranges  either  as  a 
single-ended  or  differential  input  and  has  an  independent  programable  bandwidth. 

The  conditioned  inputs  are  then  multiplexed  together  with  the  eight  unconditioned  inputs  by  the 
analog  multiplexer.  The  information  is  then  converted  to  a digital  data  word  consisting  of  10  bits,  sign 
and  parity  by  the  analog- to-digital  (A  to  D)  converter. 

The  synchro  converters  accept  a three  wire  synchro  input  plus  a reference  and  outputs  to  the 
digital  multiplexer,  a 12  bis  digital  representation  of  the  sampled  angle. 

The  digital  data  stream  from  the  A to  D converter  is  multiplexed  with  the  digital  inputs  from 
the  control  unit  (elapsed  time,  event  markers  t>rd  run  numbers),  the  synchro  to  digital  converters,  and 
the  22  discrete  inputs.  The  multiplexed  data  is  then  applied  to  a parallel  to  serial  converter  where  it 
is  converted  into  a serial  bit  stream.  The  format  converter  arranges  the  data  words  into  a predetermined 
format  that  is  available  for  recording  or  transmission  to  a ground  stat  n via  a telemetry  transmitter. 


The  basic  rate  of  the  sampling  system  is  720,000  bits  per  second.  This  is  equivalent  to  60,000 
twelve  bit  words  per  second  or  5 00  frames  of  120  twelve  bit  words . The  basic  rate  can  be  reduced  by  a 
factor  of  five  by  an  internal  switch.  A typical  data  frame  as  constructed  by  the  format  converter  is 
shown  in  Figure  5*  Tbe  data  aa  it  ia  recorded  is  a serial  bit  stream  but  for  ease  of  presentation  a 120 
word  data  frame  is  constructed.  The  serial  sequence  of  data  can  be  visualized  by  scanning  the  frame  in 


the  same  fashion  as  the  written  page  is  read, 
is  equivalent  to  5000  samples  per  second. 


Several  of  the  inputs  are  sampled  10  times  per  frame  which 


Several  sampling  formats  can  be  obtained  by  simply  changing  a prevlred  connector  on  the  DAU 
The  DAU  control  unit  provides  the  following  functions,  controls  and  displays: 


AU.  . _ 

3t-3 


A deck  of  3 thumbwheel  switches,  entitled  WORD  SELECT,  provides  the  capability  of  displaying 
the  sign  and  magnitude,  in  bits,  of  the  selected  data  word.  This  can  be  used  in  airborne 
operations  to  monitor  the  parameters  or  in  troubleshooting  procedures  to  determine  if  the 
sampling,  digitizing,  and  formatting  is  being  performed  properly.  The  display  is  provided 
by  a Lii  readout  entitled  WORD  DISPLAY. 


A deck  of  4 thumbwheel  switches  provides  the  capability  of  encoding  with  the  data  an  identifica- 
tion number  that  can  be  used  during  decommutation  and  analysis  to  identify  test  operations. 

The  switches,  entitled  RUN  SELECT,  can  be  used  to  identify  the  pilot,  type  of  test,  instrument 
being  tested  or  any  other  information  that  simplifies  the  identification  of  the  data. 


Pour  separate  event  marker  push  button  switches  are  available  for  noting  special  events. 

The  buttons  can  7>e  pushed  in  combination  giving  a total  of  15  events  that  can  be  marked. 

An  elapsed  time  generator  can  be  activated  to  provide  timing  information  in  minutes,  seconds 

and  tenths  of  a second.  The  information  is  recorded  in  the  data  frame.  The  elapsed  time  can 

be  stopped  and  restarted  without  loss  of  time  or  it  can  be  reset  to  zero  at  any  time. 

The  magnetic  tape  recorder  is  specially  configured  for  the  system  and  has  the  following  features: 

14  track,  record  and  reproduce  heads  designed  specially  for  high  density  applications. 

2 MHz  bandwidth  record  and  reproduce  capability 

34,000  bits/inch  tape  packing  density. 

1 hour  record  time  per  track  at  the  720,000  bits  per  second  sampling  rate. 

The  recorder  control  unit  provides  the  operator  with  speed  selection,  tape  breakage,  end-of-tape 
and  tape  remaining  indication  and  also  provides  the  normal  control  functions  such  as  forward,  reverse,  etc. 

The  high  density  digital  encoder  provides  the  capability  of  recording  for  1 hour  on  a single 
track  at  the  high  data  rate  of  720  kilobits/aecond.  The  specially  developed  encoder  permits  data  to  be 
recorded  at  a packing  density  of  24,000  bitd/incli  on  the  magnetic  tape  which  can  be  reproduced  with  a 1 
bit  in  lCr  error  rate. 


5.  DATA  REDUCTION 

The  data  reduction  system,  used  to  transcribe  data  from  the  airborne  recorded  tape  to  the  computer 
tape  and  used  to  verify  the  data  and  perform  a limited  analysis,  consists  of  the  following  equipments 
shown  in  Figure  6: 

Instrumentation  Recorder 

Reproduce/Monitor  Unit 

High  Density  Digital  Decoder 

PCM  Signal  Conditioner 

PCM  Frame  Synchronizer 

PDP-11  Minicomputer 

The  instrumentation  recorder  used  for  the  data  reduction  system  waa  of  the  same  type  as  used  in 
the  airborne  system. 

The  Reproduce/Monitor  Unit  and  High  Density  Digital  Decoder  contain  the  necessary  amplifiers  and 
decoding  electronics  for  reproducing  the  recorded  data. 

The  PCM  Signal  Conditioner  accepts  the  incoming  serial  data  stream,  rejects  accompanying  noise 
and  Benda  the  filtered  data  alone  with  a clock  signal  extracted  from  the  data  to  the  PCM  Frame  Synchronizer. 
The  Frame  Synchronizer  communicates  with  the  PIP- 11  Processor  through  specially  designed  interface  which 
allows  the  computer  to  remotely  program  the  Frame  Synchronizer  and  then  provides  real  time  control  and 
data  handling.  Hie  Frame  Synchronizer  inspects  the  data  stream  for  the  occurrence  of  the  12-bit 
synchronization  words.  Once  these  have  been  found  the  Frame  Synchronizer  assembles  the  incoming  data  bits 
into  12-bit  words  and  passes  the  words  in  bit-parallel  fashion  through  the  interface's  direct  memory 
input  channel. 

Hie  processor  in  the  Dfeta  Formatting  System  determines  which  of  the  incoming  data  frames  are 
deaired  by  monitoring  the  run  code  and  event  markers  contained  in  the  data  and  then  blocks  the  data  into 
logical  records,  transfers  the  records  to  the  minicomputer  magnetic  tape  unit,  which  produces  the  final 
J inch  IEM  compatible  9- track  magnetic  tape. 


6.  DATA  ANALYSIS 

Data  analysis  for  the  program  was  performed  in  two  steps.  Preliminary  review  of  small  samples 
of  data  was  accomplished  during  the  first  step  using  the  PDP-11  minicomputer.  With  specially  developed 
software,  written  in  PAL-11A  assembly  language,  it  was  possible  to  direct  the  computer  to  perform  such 
operations  aa  "frame  printout",  conversion  to  engineering  unit,  data  listing  or  calculation  of  basic  infor- 
mation auch  aa  averages  or  root-mean  squares  (RMS).  Having  the  programs  in  modular  form  allowed  rapid 
modification  to  meet  the  existing  requirements.  Hie  programs  use  less  than  6k  of  the  16K  memory. 
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The  specific  purpose  for  the  analysis  of  smaller  sections  of  data  use  to  determine  If  the  data 
acqi  ,ition  system,  from  the  Input  to  the  Instrumentation  recorder,  was  working  properly  and  to  determine 
If  t.  - results  obtained  using  the  sampling  technique  coopered  favorably  with  manually  made  readings. 

The  second  step  in  the  analysis  of  the  data  involved  a complex  program  written  for  a high  speed 
digital  computer. 

A general  block  diagram  of  the  program  Is  shown  in  Figure  >7.  The  program  reads  in  and  stores 
large  quantities  of  data  used  to  determine  the  ambient  conditions.  Additional  data  is  then  checked 
against  the  ambient  readings  for  an  "out-of-spec"  condition.  If  such  an  "out-of-spec"  condition  exlata, 
the  computer  searches  the  data  to  determine  what  radios  in  the  avionics  system  are  on.  Upon  this  deter- 
mination a correlation  la  performed  between  the  active  radios  to  determine  where  the  interference  is 
emlnatlng.  The  program  could  be  expanded  to  include  an  interference  analysis  between  all  avionics  and 
power  system  equipments . 


7.  CONCLUSIONS 

Eased  upon  the  results  obtained  during  the  test  program,  it  has  been  determined  that  the  uae 
of  an  automated  system  for  electromagnetic  compatibility  testing  la  feasible  if  sufficient  testing  ia 
anticipated  to  warrant  the  initial  investment  in  the  equipments  required.  The  full  impact  of  coats  and  a 
determination  of  the  point  at  which  a system  would  be  cost  effective  to  purchase  should  be  undertaken  prior 
to  making  a decision  to  automate  all  EMC  testing. 

The  test  program  showed  the  data  could  be  taken  in  three  main  areas:  bonding,  non- transient 

EMC  measurements  and  transient  EMC  measurements. 

It  was  demonstrated  that  the  bridge  circuit  used  in  conjunction  with  the  DAS  would  measure  the 
bonding  easier,  quicker  and  more  accurately.  The  readings  were  repeatable  because  there  was  not  a varying 
mechanical  load  placed  on  the  bond  interface  by  any  type  of  probe.  Eased  on  the  above  information,  it  was 
concluded  that  the  technique  was  superior  to  the  techniques  using  the  conventional  method. 

It  was  also  demonstrated  during  the  tests  that  non-transient  and  transient  EMC  measurements 
could  be  made  using  the  DAS.  The  transient  measuring  system  required  additional  circuitry  to  Integrate 
the  transients  in  order  that  the  data  acquisition  system  could  properly  monitor  and  record  the  data. 

All  EMC  measurements  could  be  accurately  recorded  during  a flight  test  program  which  allowed 
all  equipments  to  be  tested  in  their  natural  environment. 

A more  complete  test  was  performed  in  less  time  because  all  equipments  were  monitored 
simultaneously.  Hie  elapsed  time  in  eacn  test  mode  was  significantly  shorter  than  with  conventional  test 
methods  because  no  reading  of  a meter  and  recording  of  data  on  data  sheets  was  required.  Hie  limiting 
factor  in  "quickness"  of  test  was  the  operator's  ability  to  manually  select  each  mode  of  test.  Hie 
required  data  was  recorded  in  less  than  5 seconda/mode. 


8.  RECOMMENDATIONS 


.'•>  i-rder  to  red"ce  test  time  and  personnel  still  further  without  increasing  the  complexity  of 

the  drJ  .it,  it.  ion  -em  significantly,  the  DAU  control  unit  should  include  a sequencing  switch  that 

would  v ' t.'V-  the  rv..  ; -.e  and  automatically  enter  event  marks  to  Isolate  approximately  5 seconds  of  data. 
Hollo.  the  sampling  period  a ready  light  could  flash  on  the  control  unit  to  indicate  the  completion  of 
the  teso  'ode.  The  co-pilot  could  then  make  the  necessary  changes  in  test  mode  and  initiate  a ready 
command  via  the  control  unit  to  start  the  process  again.  This  added  feature  to  the  data  acquisition  system 
could  eliminate  the  requirement  for  the  test  engineer  to  fly  with  the  system  and  would  reduce  unnecessary 
test  time  caused  by  the  required  communications  between  the  co-pilot  and  the  test  engineer  in  setting  up 
the  test  modes. 

Although  the  R&D  data  acquisition  system  used  in  this  program  was  designed  to  be  readily 
integrated  into  any  of  the  existing  Army  aircraft  from  the  OH-6  thru  CH-4T,  it  is  desirable  that  the 
system  designed  for  EMC  testing  be  smaller  and  lighter  so  that  it  could  ba  handcarrled  to  various 
installations  via  commercial  aircraft  for  EMC  testa.  Ehvironmental  specifications  should  be  in  accordance 
with  existing  specifications  ex**—  for  those  stated  for  electromagnetic  interference  in  MIL.  STD-461. 
Because  the  equipment.  be  • 'n  testing  other  equipments  for  EMC,  the  requirement  for  conducted 

and  radiated  limit  ohouid  ex  . i -nose  atated  in  MHi-STD-46l  by  at  least  10  db. 

Now  that  it  has  been  determined  that  it  is  feasible  to  use  a data  acquisition  system  for 
electromagnetic  compatibility  testing,  further  investigations  are  planned  to  determine  the  characterlsltcs 
of  the  prototype  unit  such  as  sampling  rate  and  channel  capacities.  This  will  include  a review  of  the 
requirements  for  existing  helicopters  and  those  in  the  planning  stages.  New  techniques  of  acquiring  data 
such  as  an  integrator  with  a sampl  hold  circuit  will  be  studied  to  determine  the  lower  limits  of 

data  sampling.  And  as  stated  prev  y,  a study  of  the  cost  effectiveness  should  be  initiated  to  deter- 
mine the  point  at  which  it  ia  co  . fective  to  automate  the  tests. 
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Fig.  1 Comparison  of  automated  and  manual  EMC  data  on  OH-S8  aircraft 
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Fig.  2 Comparison  of  automated  and  manual  ambient  noise  on  OH-58  aircraft 
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Fig.  6 Data  reduction  system 


DISCUSSION 


F.  D.  GREEN:  You  used  the  PDP  II  minicomputer  for  initial  analysis  and  a large  high- 

speed computer  for  final  analysis.  Did  you  use  a high-speed  printer  for  your  initial 
printout? 

E.  TOGNOLA:  Originally,  we  had  only  the  teletype  input/output.  Soon  we  found  that 

we  needed  a greater  capability,  so  we  added  a medium-speed  printer  '100  characters 
per  second) . This  has  been  adequate  for  the  limited  analysis  performed  prior  to  final 
data  reduction  on  the  IBM-360. 

E.  M.  FROST:  We  have  found  it  a useful  facility  to  have  a time  marker  or  signal  avail- 

able to  synchronize  and  identify  separate  voice  signals  on,  say,  intercom  or  separate 
tape  recorder.  Have  you  considered  providing  such  a facility  on  your  equipment? 

E.  TOGNOLA:  Yes,  but  we  have  rejected  the  idea  totally.  The  discrete  words  provide 
33  pieces  of  information  as  to  what  is  "on"  or  "off".  Also  available  is  the  run 
number  and  event  marker  to  aid  in  identifying  data  or  special  events.  Special  comments 
can  also  be  made  by  noting  the  elapsed  time  and  writing  a comment  on  the  test  plan. 

S.  C.  KLEINE:  Do  you  have  any  plausible  explanation  why  the  deviation  between  con- 

ventional and  automatic  test  results  in  Fig.  1 at  run  no.  27-29  and  15-16  in  Fig.  2 
suddenly  increases  to  *10  db? 

E.  TOGNOLA:  During  the  test  modes  for  runs  27-29,  the  landing  lights  were  "on".  The 
input  leads  from  several  equipments  were  routed  to  the  DAUs  in  close  proximity  to  the 
cabling  for  the  lights.  There  was  a coupling  effect  between  those  cables  which  gave 
the  higher  reading  for  the  automatic  method.  The  manual  method  did  not  have  any 
cabling  in  close  proximity  to  the  landing  light  cable  and  therefore  did  not  indicate 
a high  level.  No  investigation  was  made  into  the  difference  in  level  for  runs  15  and 
16  in  Fig.  2.  The  difference  in  the  reading  was  only  1 millivolt  and  still  well  within 
the  specification. 

H.  MAIDMENT : 1)  What  procedures  were  adopted  to  prove  the  EMC  of  the  instrumentation 
wiring  to  the  system's  test  points,  both  from  the  point  of  view  of  pickup  on  the  lines 
affecting  the  recording  accuracy  and  the  pickup  degrading  the  system  under  test? 

2)  What  effort  was  involved  (in  man-hours)  in  proving  the  integrity  of  the  monitoring 
system  along  the  lines  of  (1)  above? 

E.  TOGNOLA:  1)  The  system  (DAS)  was  designed  to  meet  the  necessary  EMC  specifications. 

In  addition,  the  DAU  was  also  housed  in  a shielded  box  which  was  well  grounded.  The 
installation  was  done  carefully,  making  sure  the  bonding  was  adequate.  All  grounds 
of  one  type  were  grounded  at  a common  point  and  then  the  common  points  tied  together 
at  a single  bus.  Any  problem  that  still  existed  was  solved  on  an  individual  basis. 

2)  Approximately  400  man-hours. 
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SBMMAKY 

In  un.v  receiving  system,  hot  especially  In  communications  tout  oooolvluii  systems,  dynamic  range  to  u 
key  parameter.  A particularly  difficult  receiving  frequency  range  In  l kllr  to  1 MB/.,  whore  unshielded  nmhlont  noise 
Intensity  Is  very  high,  und  adequate  shielding  Is  Impractical.  In  n high  noise  ambient,  the  receiving  system  sensi- 
tivity becomes  equal  to  the  ambient  level  minus  the  receiving  system  dvunmlc  rnnge,  which  Is  Invariably  higher  than 
K'l'B  (thermal)  noise, 

t 

The  design  of  a receiver  for  maximum  performance  In  detection  of  broadband  signals  Is  significantly  more  strin- 
gent than  that  of  narrow  Iwnd  signals,  and  requires  the  techniques  described  In  this  paper.  lm|Hirtnnce  Is  placid  on 
1)  application  of  successive  filtering  of  the  receiver  channel  and  -)  maximising  signal  handling  capability.  The  related 
considerations  concerning  local  oscillator  rejection  for  maximization  of  tuning  range  and  equipment  shielding  are  also 
presented 

1.  INTRODUCTION 

ltecelvers  specifically  designed  to  maximize  broadband  sensitivity  and  dynamic  range  are  quite  uncommon  today, 
and  have  recently  become  Important  because  or  the  need  for  measurements  out  of  a screen  room  In  ambients  of  atmo- 
spheric and  man-made  noise  which  Is  essentially  htvndhnnd.  > 

Broadband  signals  are  altogether  different  from  narrow  band  Hlgnala,  and  are  unrelated  to  receiver  bandwidth. 
Typical  narrow  band  signals  are  t'W,  AM,  SSB,  KM,  etc. . ami  are  In  general  modulations  of  a carrier.  Narrow 
hand  aigaals  have  a center  frequency,  that  can  be  tuned  tbmigb  with  a eonvcatlonal  superheterodyne  and  have  peak 
to  average  power  ratios  of  perhaps  up  to  10:1 . 

Broadband  signals  however  are  generated  by  impulse  like  sources  and  arc  emitted  only  during  rapid  transitions 
in  the  time  domain.  They  do  not  have  a sharp  peak  frequency  In  general;  their  generated  spectrum  Is  sin  x x In  nature, 
and  If  generated  by  fast  rise  time  pulses,  can  have  relatively  flat  spectra  out  to  several  gigahertz.  The  peak  to  aver- 
age power  ratios  a re  typically  very  high  because  of  the  duty  cycle  factor,  and  may  be  10,  000:1. 

a.  UKNKUAI,  INKOllMATlON 

‘J,  1 Handling  of  Broadband  Signals 

Since  the  broadband  signals  have  relatively  low  energy  but  high  Instantaneous  voltages,  they  do  not  always  grossly 
degrade  the  t'W  signal  to  noise  ratio  providing  that  the  receiver  remains  linear  and  does  not  saturate  during  peaks. 

A key  parameter  In  specifying  the  performance  of  a broadband  signal  receiver  Is  the  Instantaneous  dynamic  range 
as  opposed  to  the  t'W  dynamic  range.  The  Instantaneous  dynamic  range  Is  the  ratio  of  maximum  broadband  signal  that 
can  he  handled  linearly  to  the  minimum  discernible  signal,  while  t'W  dynamic  range  Is  properly  defined  as  the  ratio  of 
maximum  t'W  slgaal  level  that  can  lie  handled  without  saturation  to  CW  M1XS  (minimum  discernible  signal)  level.  t'W 
dynamic  range  should  he  properly  measured  with  both  the  saturation  and  Ml*!  lest  signals  In  the  IK  passhiind.  Often, 
an  tntermodutatton  or  apurtoua  response  level  Is  quoted  Instead  of  the  saturation  level,  which  Is  quite  proper  fer  multi- 
channel communication  or  surveillance  receivers,  and  In  fact  may  result  In  a lower  dynamic  range  if  the  teal  signals 
an'  wltldn  the  UK  bandpass.  Kor  CW  dynamic  range  measurements,  AUC  Is  ususlly  activated,  but  for  Instantaneous 
dynamic  range  measurements  the  AllC  must  be  disabled, 

Kor  Instantaneous  dynamic  range,  It  Is  not  |>ossthle  to  arbitrarily  specify  the  saturation  signal  out  the  IK  or  UK 
pasahand  because  the  test  signal  Is  broadband  and  covers  the  entire  UK  bund.  Bence,  the  broadband  Instantaneous 
dynamic  range  tost  Is  a tru»  Indication  of  receiver  signal  handling  capability.  The  test  Is  conducted  bv  connecting  an 
impulse  generator,  with  known  flat  noise  output  over  the  entire  UK  bund  to  the  receiver  snd  recording  the  saturation 
to  MBS  level  ratio. 

As  an  example  using  the  AKI.  l.KU-100,  the  true  CW  dynamic  range  1s  ahout  70  db.  The  receiver  will  handle  an 
out-of-IK  band  signal  of  180  millivolts  (or  -4  dbm)  HMS  without  saturation  In  the  ill)  lit  bandwidth  with  MBB  of  about 
-188  dhm,  hence  the  receiver  dynamic  range  could  be  specified  as  1 81  db. 

For  time  domain  oriented  teat  meaaurements,  the  Importance  of  a large  dynamic  range  Is  made  apparent  In 
Figure  1.  Here  the  relative  time  of  Impulse  arrival  Is  the  major  element  to  be  detected;  yet,  the  Important  Impulse 

(II) Is  (taper  was  presented  at  the  AOARD  Meeting  In  Purls,  October  ID74. ) 
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If*  much  smaller  In  amplitude  than  the  ambient  noise  pulse.  This  Is  acceptable  provided  that  the  receiver  does  not 
saturate  on  the  ambient  Impulse.  If  the  signal  of  Interest  wore  a CW  signal,  the  same  philosophy  would  hold.  Hence, 
a good  broadband  dynamic  range  is  necessary  for  reception  of  any  type  of  signal,  broadband  or  narrow  band,  In  the 
presence  of  a high  ambient  noise  level. 


2.2  Dynamic  Range  Design  Charts 

A typical  CW  dynamic  range  chart  is  shown  In  Figure  2.  The  CW  MDS  sensitivity  vs  IF  bandwidth  is  a KTB 
relationship  and  is  plotted  as  a straight  line  In  semi-log  graphics.  The  CW  saturation  level  desired  is  60  db  above 
MDS  and  Is  also  plotted.  It  can  be  seen  that  the  receiver  must  handle  a +48  db  input  at  100  kHz  bandwidth  In  order 
to  achieve  this  60  db  dynamic  range  without  AOC.  Since  the  lowest  MDS  is  -49  db  ^V,  the  receiver  must  be  able  to 
handle  a 97  db  signal  range  over  bandwidth  variations.  Note  that  an  out-of-doors  . 25  meter  effective  height  antenna 
will  deliver  an  ambient  peak  Impulsive  output  Just  within  the  saturation  level  at  the  20  Hz  bandwidth  operation  at  a 
40  Hz  center  frequency. 

Figure  3 shows  a typical  impulsive  dynamic  range  chart.  Note  the  MDS  level  Is  lowest  at  the  highest  bandwidths 
due  to  the  receiver  voltage  being  directly  proportional  to  the  IF  bandwidth.  To  require  saturation  60  db  above  MDS  In 
the  20  Hz  bandwidth,  requires  an  Input  signal  of  106  db  uV/MHz  or  about  200  millivolts  /MHz  peak  ut  the  receiver  in- 
put. If  the  RF  bandwidth  is  1 MHz,  then  0. 20  volts  peak  must  be  applied  to  the  receiver  input  In  order  to  produce  an 
output  60  db  above  MDS.  Linear  handling  of  such  an  input  requires  a careful  receiver  design. 

> 

* 

2.3  Broadband  Dynamic  Range  Design  ' + 

The  placement  of  gain  and  filtering  is  much  more  critical  in  the  design  of  a broadband  signal  receiver  than  in  the 
design  of  a narrow  band  signal  unit  if  maximum  signal  handling  capability  is  to  be  realized.  It  will  be  shown  in  fact 
that  the  MDS  and  saturation  level  criteria  which  form  the  upper  and  lower  bounds  on  the  dynamic  range  are  not  in 
sympathy  with  each  other  and  present  conflicting  requirements. 

An  example  will  Illustrate  the  proper  design  technique  and  the  possible  reaults  If  It  Is  not  applied.  Suppose  it  is 
required  to  design  a receiver  with  a 20  Hz  IF  bandwidth  which  must  provide  a 60  db  instantaneous  dynamic  range,  with 
a minimum  noise  level  at  the  IF  output  of  5 mv  RMS,  and  a receiver  noise  figure  of  6 db  maximum.  Specification  of 
the  bandwidth,  noise  figure,  and  minimum  IF  output  level  determine  the  total  required  receiver  gain.  Utilizing  the 
equation  for  thermal,  band  limited  noise,  and  assuming  a 50  ohm  source  and  receiver  Input  impedance 
it  can  be  determined  that  the  equivalent  noise  voltage  at  the  receiver  Input,  Including  the  6 db  receiver  noise 
figure,  is  4.  07  nV.  Thus,  the  receiver  gain  needed  Is  122  db.  Figure  4 illustrates  a block  diagram  of  a typical  nar- 
row band  receiver.  The  gain  is  divided  between  the  RF  ami  the  two  IF  stages  and  includes  any  loss  or  gain  for  the 
preselector,  mixer  or  bandpass  filter.  It  Is  assumed  that  the  filter  noise  and  impulse  bandwidth-  are  identical.  The 
minimum  detectable  broadband  signal  for  our  receiver  based  on  bandwidth  and  noise  figure  specifications  Is  approxi- 
mately +46  db  gV/MHz.  If  a preselector  bandwidth  of  1 MHz  is  assumed,  this  input  represents  an  MDS  peak  voltage 
of  199  y,V.  The  minimum  saturation  level  Is  60  db  above  MDS  or  an  Input  level  of  199  mV  peak.  The  voltage  levels  at 
key  points  are  shown  In  Table  A for  both  the  MDS  and  saturation  RF  Input  levels.  Note  that  the  peak  output  of  the  RF 
amplifier  is  6.  28  V.  The  RF  output  mixer  Input  level  is  approximately  20  db  above  the  compression  point  of  conven- 
tional double-balanced  mixers  and  the  first  IF  stage  output  level  Is  perhaps  40  db  above  the  maximum  level  supplied 
by  conventional  semiconductor  IF  stages.  Thus,  our  receiver  is  well  Into  saturation  and  In  fact  has  only  20  db  of 
instantaneous  broadband  dynamic  range. 

This  example  shows  the  problems  encountered  when  trying  to  receive  broadband  signals.  The  peak  amplitude  of  an 
Impulse  Is  reduced  by  tne  ratio  of  the  reduction  of  the  bandwidth  in  which  its  energy  Is  confined,  1 MHz/20  Hz  or 
50,  000/1  in  our  example,  thus,  if  the  narrow  band  IF  filtering  Is  not  placed  early  In  the  receiver  and  if  the  RF  gain  and 
bandwidth  Is  not  minimized,  RF,  mixer,  and  IF  saturation  will  occur  early.  These  techniques  to  maximize  signal 
handling  capability  that  Is  saturation  level,  may,  however,  result  In  poor  sensitivity. 


Receiver  sensitivity  for  a given  bandwidth  is  directly  related  to  the  overr.il  noise  figure.  This  parameter  Is  a 
function  of  the  noise  figure  and  gain  of  every  stage  per  the  well-known  relation 
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This  equation  applied  to  the  example  receiver  Is  shown  In  Figure  5.  Losses  are  now  assumed  for  the  preselector, 
mixer,  and  bandpass  filter.  Attempting  to  Increase  signal  handling  and  capability  by  minimizing  RF  and  early  IF  gain 
(G2  and  G.)  will  result  In  an  Increase  In  the  third,  and  later  terms,  while  attempting  to  place  the  lossy  IF  filter  early 
In  the  syBtera  will  cause  an  Increase  In  the  last  term  since  "he  gain  ahead  of  the  filter  will  be  reduced.  Use  of  a very 
high  Q preselector  could  be  used  to  Improve  signal  handling  capability  but  may  have  a high  loss  and  degrade  the  noise 
figure  severely,  and  may  cause  tuning  problems  particularly  If  the  receiver  is  to  be  used  at  very  low  frequencies.  The 
requirements  for  maximum  saturation  level  contradict  those  for  lowest  MDS. 


A block  diagram  of  a receiver  to  meet  the  example  specification  Is  shown  in  Figure  6 with  the  resulting  signal 
levels  shown  In  Table  B.  Note  that  although  the  gain  preceding  the  20  Hz  IF  bandpass  filter  Is  the  same  as  in  the 
previous  example  that  the  maximum  RF  output  level  is  1.1  V and  the  maximum  IF  level  is  6.3  V.  This  RF  level  Is 
easily  handled  by  a high  dynamic  range  double-balanced  mixer  while  the  IF  level  can  be  supplied  by  a semiconductor 
stage.  It  has  been  possible  to  aohteve  the  performance  without  reducing  RF  or  profitterlng  IF  gain  to  unacceptable 
levels  and  without  resorting  to  tunable  high  Q preselection,  by  utilizing  gradual  bandwidth  reduction.  The  preselector 
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limits  the  broadband  energy  to  1 MHz,  then  after  30  db  gain  the  bandwidth  Is  collapsed  to  20  kHz  and  finally  after  an 
additional  33  db  of  gain  the  bandwidth  Is  established  at  20  Hz,  the  final  value.  Since  all  earlier  filtering  Is  much  wider 
than  the  tlnal  IF  bandwidth,  the  IF  selectivity  and  time  domain  characteristics  are  dependent  only  upon  the  final  filter. 
The  fundamental  Idea  In  understanding  the  operation  of  this  type  of  receiver  Is  that  the  energy  and  thus  peak  amplitude 
of  a broadband  signal  Is  reduced  as  the  bandwidth  through  which  It  passes  Is  reduced.  Thus,  by  alternately  filtering 
and  amplifying,  It  Is  possible  to  keep  the  signal  amplitudes  within  bounds  while  still  achieving  acceptable  sensitivity 
and  required  overall  gain.  It  should  be  recognized  however  that  signal  levels  still  become  larger  than  normally  found 
In  conventional  receivers  and  certain  system  blocks  must  In  themselves  possess  large  dynamic  ranges;  for  example, 
the  RF  amplifier  and  mixer. 

However,  increasing  mixer  dynamic  range  requires  higher  LO  power,  hence  more  LO  signal  in  the  IF  stages, 
which  tends  to  saturate  the  IF's,  etc. , unless  special  techniques  are  used. 

2.4  Extended  Low  End  Tuning  Range 

One  of  the  Inherent  limitations  of  the  superheterodyne  receiving  technique  Is  the  Inability  to  receive  itgnals  at 
frequencies  less  than  several  IF  bandwldths;  t.  e. , less  than  300  to  400  kHz  for  a receiver  with  a 100  kHz  IF  bandwidth 
due  to  feedthru  of  the  local  oscillator.  Entry  of  the  local  oscillator  frequency  Into  the  IF  section  of  a receiver  through 
the  mixer  will  generally  create  one  of  the  following  problems;  1)  saturation  of  the  IF  amplifiers;  2)  saturation,  de- 
sensltlzatlon  or  capture  of  the  detectors. 

Saturation  of  the  IF  amplifiers  as  a result  of  local  oscillator  feedthru  Is  generally  alleviated  by  a bandpass  filter 
early  In  the  IF.  However,  as  the  low  frequency  tuning  range  Is  extended  (1.  e. , the  LO  frequency  approaches  the  IF 
center  frequency),  the  oscillator  feedthru  Is  attenuated  less  and  less  by  the  bandpass  filter  skirt  and  IF  saturation 
ultimatt’y  occurs.  There  are  two  approaches  to  limiting  this  type  of  IF  saturation:  1)  steepen  the  IF  filter  skirts 
for  Improved  LO  rejection  and  2)  Increase  the  LO  to  IF  rejection  of  the  mixer. 

The  choice  of  IF  filter  type  and  shape  factor  Is  in  general  based  on  the  channel  spacing  and  type  of  signal  being 
received.  In  the  case  of  broadband  signal  reception,  the  time  domain  response  of  the  filter  murt  be  examined  closely 
and  most  often  the  Gaussian  filter  or  other  combinational  typeo  are  required  for  low  overshoot.  Unfortunately,  filter 
types  designed  for  low  overshoot  in  the  time  domain  do  not  exhibit  low  ratio  shape  factors.  The  typical  shape  factor 
of  a Gaussian  type  filter  will  be  In  the  area  of  3:1  (6  to  60  db)  or  greater.  If  the  use  of  a filter  type  with  a high  ratio 
shape  factor  Is  required  by  other  system  constraints,  then  the  designer  must  look  elsewhere  for  possible  LO  rejection. 

Another  area  for  Increasing  the  rejection  of  the  oscillator  Into  the  IF  amplifiers  Is  the  mixer  Itself.  Standard 
double-balanced  mixers  provide  LO  to  IF  rejection  In  the  range  of  25  to  50  db.  If  a high  dynamic  range  mixer  Is 
being  used  with  a 1 db  compression  point  of  +15  dbm,  then  an  oscillator  power  of  about  +20  dbm  Is  required.  For 
a typical  25  db  LO  to  IF  rejection,  the  resultant  entry  of  a -5  dbm  signal  Into  the  IF  places  severe  requirements  on 
the  bandpass  filter  to  prevent  saturation.  A recent  AEL  development  has  resulted  In  a high  dynamic  range  mixer  cir- 
cuit with  95  db  LO  to  IF  port  rejection.  This  rejection  allows  lowering  of  the  tuning  range  without  Impossible  restraints 
on  the  filter  shape  factor. 

Receiver  shielding  and  grounding  are  as  Important  as  the  filter  shape  factor.  A brick  wall  filter  will  be  of  n<.  ' 

value  If  the  LO  Is  allowed  to  radiate  Into  a following  stage  or  If  circulating  ground  currents  are  present,  thus  by- 
passing the  filter  rejection.  With  high  dynamic  runge  mixers  requiring  high  LO  power,  the  Importance  of  eliminating 
circulating  ground  currents  cannot  be  emphasized  enough.  Isolated  signal  and  DC  ground  returns  should  be  provided 
wherever  the  possibility  of  ground  currents  mixing  Is  present. 

For  VLF  receivers  the  use  of  high  permeability  magnetic  shielding  with  copper-nickel  or  copper  chrome  plating 
should  be  recognized  as  an  effective  method  of  containing  the  LO  and  other  undesirable  signals. 

The  low  frequency  tuning  range  may  be  extended  to  1:J  tuned  frequency  to  bandwidth  ratio  by  use  of  these  techniques. 
3.  CONCLUSION 

We  have  presented  the  reasons  why  receiver  broadband  dynamic  range  is  of  such  Importance  when  considering  the 
ambient  signal  "pollution. " After  emphasizing  the  Importance,  then  the  design  considerations  to  achieve  this  broad- 
band dynamic  range  were  described.  The  concept  treatment  of  broadband  signals  is  becoming  widely  applied,  yet,  re- 
ceiver techniques  for  maximizing  performance  are  relatively  unknown  and  quite  rare.  Little  mathematlos  Is  useful; 
explanation  and  example  provide  the  necessary  Insight. 
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SUMMARY 

In  this  article  we  have  endeavoured  to  present  the  method  we  adopted  to  provide 
harness  compatibility  in  a complex  system,  the  design  of  which  was  time  limited,  and  EMC 
requirements  had  to  be  generated  in  a hurry.  The  method  outlined  provides  a way  whereby 
engineering  effort  and  a computational  backup  check  are  combined  to  generate  the  EMC 
requirements  in  as  short  a time  as  possible. 

The  data  reduction  phase  is  simple,  time  and  effort  saving  and  may  he  performed,  after 
the  primary  effort  phase,  by  non-EMC-skilled  workers.  The  method  as  sucli  k system 
oriented,  and  not  general,  and  so  meets  the  requirements  of  a specific  design  p,cblem.  On 
the  basis  of  this  concept,  other  programs  can  be  developed  to  meet  various  other  harness 
EMC  problems. 

It  is  hoped  that  the  method  outlined  in  this  article  will  be  of  aid  to  EMC  engineers 
confronted  with  the  same  type  of  problem. 


In  complex  systems  utilizing  electronic  hardware  with  interconnecting  cables,  interference  to  system  operation  may 
arise  due  to  inter-wire  coupling  in  the  harness.  An  early  estimate  of  the  intercable  EMI  is  essential  to  the  successful 
completion  of  the  system  design. 

Computerized  methods  for  the  achievement  of  this  goal  have  been  developed  previously  by  various  companies. 
References: 

(1)  Intrasystem  EMC  in  large  aerospace  systems  - J.A.Spagon  TRW  systems. 

(2)  Intra-vehicle  EMC  analysis  - Dr  J.Bogdanor  et  al.  Mcdonnel  Aircraft  Co. 

The  advantage  of  the  method  described  in  this  paper  is  in  enabling  the  designer  to  obtain  an  estimate  of  the 
EMI  in  his  system  harness  with  a minimum  knowledge  of  system  and  wire  parameters.  Data  reduction  on  the  CDC 
6600  computer  points  out  cases  of  expected  interference  in  as  many  as  1000  wires  in  a harness.  The  analysis  uses 
single  number  coup,;  'g  parameter  for  typical  wire  and  signal  cases  in  the  system  to  be  analyzed. 

Such  a method  is  essential  in  the  development  phase  when  time  is  a factor  and  not  all  data  is  available. 

The  method  may  be  extended  to  include  more  accurate  wire  coupling  models  and  system  susceptibility  and 
interference  parameters. 


FOREWORD 

In  complex  airborne  systems  utilizing  electronic  hardware  with  interconnecting  cables,  and  where  space  is 
limited,  dense  harness  configurations  are  conducive  to  intra-wire  coupling  with  resultant  degradation  of  system 
performance. 

The  design  of  such  an  airborne  system  should  bring  this  factor  into  consideration  and  provide  EMC  requirements 
on  wire  types  and  routes. 

To  this  end  an  analysis  of  intercable  EMI  should  be  performed.  An  accurate  analysis  requires  knowledge  of  all 
parameters,  electrical  and  mechanical,  governing  the  coupling  between  wires.  It  also  requires  a good  knowledge  of  the 
system’s  electrical  parameters. 

Gathering  all  this  information  and  processing  it  is  a time  consuming  effort  of  skilled  EMC  personnel. 

The  problem  has  been  dealt  with  in  two  major  works,  by  TRW  systems  and  the  Mcdonnell  Aircraft  Co.  The 
method  used  in  these  programs,  which  are  general  in  type,  require  the  data  base  of  wire  and  system  parameters 


mentioned  before;  we  estimated  that  the  time  and  effort  required  to  perform  an  analysis  according  to  these 
references  would  be  prohibitive  and  so  we  decided  to  relax  on  thf  accuracy  and  generality  of  the  analytical  method, 
and  concentrate  our  efforts  on  a simple  worst  case  EMI  analysis  which  would  provide  the  required  results  with  a 
minimum  effort  of  skilled  personnel. 


• steps 


In  striving  to  meet  the  EMC  requirements  of  the  system,  a work  procedure  was  set,  with  the  following  major 
; listed  in  Figure  1 . 


WIRE  COUPLING  DATA 
SYSTEM  DATA 

PRIMARY  EFFORT  ON  SYSTEM  HARNESS 
COMPUTER  ANALYSIS 
DF  . v CIUNGE  DECISIONS 

Figure  1 


First,  the  existing  data  on  cable  to  cable  coupling  from  various  references  was  reviewed,  and  was  adapted  to  the 
system  requirements,  when  specific  data  was  unavailable,  laboratory  measurements  were  performed  to  provide  it. 

Next,  all  pertinent  EMC  data  on  the  system,  such  as  susceptibility  levels,  out  put  voltages  and  currents  load  and 
generator  impedances,  harness  layouts  ETC,  were  gathered  and  depicted  on  the  wiring  drawings  of  the  systen 

The  following  step  was  to  use  the  coupling  data  from  the  first  step  and  good  engineering  practice,  and  assign 
wire  types  to  each  wire  in  the  system.  This  is  the  primary  effort  on  system  harness. 

All  these  steps  required  no  computer  involvement. 

To  check  upon  the  engineering  work  performed  in  the  primary  effort  step,  the  computer  program  was  developed 
in  view  of  providing  a rough  estimate  of  the  EMI  existing  in  a specific  harness. 

Upon  receipt  of  the  output  of  the  computational  step,  the  design  engineer  is  able  to  scan  through  the  results 
and  pick  up  both  cases  of  over  design  and  those  of  probable  interference  and  generate  the  required  fixes. 

We  will  now  proceed  and  describe  these  work  program  steps  in  some  detail. 

Upon  analysing  a given  system,  typical  cases  where  cable  coupling  may  be  a problem  can  be  found.  These 
cases  cover  about  90%  of  all  wires  included  in  the  system.  As  an  example,  power  lines,  ac  and  dc,  relay  and  solenoid 
lines  are  sources  of  interference  to  analog,  digital  and  audio  signal  lines.  These  typical  cases  generally  have  typical 
parameters,  geometrical  and  electrical. 

For  instance,  power  line  impedances,  being  in  the  1012  range,  digital  and  audio,  in  the  KS2  range,  wire  types 
can  be  unshielded  in  the  power,  shielded  in  the  audio  and  twisted,  or  twisted-shielded  in  the  digital  line  case. 

A worst-case  estimation  of  cable  coupling  can  be  provided,  based  upon  analytical  and  experimental  data  from 
sources  listed  in  the  bibliography,  or  obtained  from  laboratory  measurements. 


WIRE  COUPLING  DATA 

To  provide  the  worst-case  estimation  of  wire  to  wire  coupling  use  was  made  of  analytical  and  empirical 
expressions  of  the  electro-magnetic  energy  transfer  between  adjacent  wires  over  a confir  ming  ground  plane.  From 
the  models  developed  in  references  we  find  that  the  parameters  governing  the  coupling  may  be  divided  into  two 
categories,  geometrical  and  electrical. 

The  geometrical  category  consists  of  cable  properties  such  as  wire  and  shield  dimensions,  twists  per  unit  length, 
spacing  between  wires,  common  run  length,  height  above  ground  plane,  ground  points  etc. 
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Electrical  properties  dependent  on  geometrical  ones  are  wire  and  cable  impedances,  mutual  inductance  and 
capacitance.  Independent  electrical  properties  are  interference  and  susceptibility  spectra  and  termination  impedances. 
Determination  of  the  degree  of  coupling  existing  in  a harness  should  take  account  of  all  these  parameters. 

The  dependence  of  coupling  on  geometrical  and  electrical  properties  of  cables  and  circuits  involved,  will  lead  us 
to  choose  as  fixed,  a number  of  these  properties  which  give  the  worst  case  condition,  while  other  properties  are  chosen 
to  fit  the  typical  coupling  case  under  consideration. 

As  an  illustration  of  this  approach  let  us  examine  the  dependence  of  geometrical  properties  on  the  coupling. 

In  Figure  2 we  notice  that  almost  no  change  in  coupling  is  evident  above  a height  of  2".  Also,  the  wire  type 
combination  involved  in  the  coupling  has  a profound  effect,  as  we  see,  on  the  degree  of  coupling.  This  is  a variable 
factor  and  must  be  determined  for  each  wire  ty;^  combination. 
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As  the  figures  describing  the  degree  of  coupling  existing  between  w.rcs  r.nd  the  effect  of  geometrical  and 
electrical  properties  vary  to  some  extent  among  the  referenced  documents,  caution  was  used  when  choosing  a coupling 
parameter  for  a specific  case,  and  when  data  was  insufficient,  laboratory  measurements  were  performed  to  provide 
the  required  information. 


THE  METHOD  USED  IN  THE  ANALYSIS 


All  wires  in  the  system  were  divided  into  four  caU  Oories: 

AC  power, 

DC  power, 

Pulse  circuits. 

Sensitive  circuits. 


These  categories  were  assigned  the  following  fixed  properties; 

(1)  Mechanical  - Height  above  ground  plane  is  2". 

Spacing  - Adjacent. 

(2)  Wire  type  and  electrical  - as  in  Figure  3. 

(3)  Coupling  parameters  - as  in  Figure  4. 
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The  coupling  parameters  assigned  to  the  various  cases  in  the  system: 
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In  all  cases,  the  interfering  wire  was  chosen  to  be  a single  unshielded  wire  which  is  generally  ihe  case  for  AC, 
DC  and  relay  circuits. 

After  these  parameters  have  been  set  machine  computation  is  performed  on  the  following: 

(1)  Common  run  length  between  sensitive  and  interfering  wires. 

(2)  Interference  pickup  from  each  AC  carrying  wire. 

(3)  Comparison  of  pickup  to  susceptibility  level. 

(4) *  Summation  of  all  AC  pickup,  and  comparison  to  susceptibility  level. 

(5)  Transient  interference  current  in  interfering  wire. 

(6) t  Interference  pickup  from  each  transient  carrying  wire. 

(7)  Comparison  of  transient  pickup  to  susceptibility  level. 

(8)  Print-out. 

In  order  to  perform  these  computations  a first  over  view  of  the  proposed  wiring  in  the  system  to  be  designed 
must  be  performed.  This  is  done  in  the  primary  EMC  effort  in  the  harnesses,  which  will  be  detailed  in  the  following 
chapter. 

Upon  completion  of  computer  run  on  the  data,  the  EMC  engineer  will  have  to  decide  on  remedial  measures 
when  cases  of  interference  are  spotted.  These  measures  include  sensitive  and  interfering  wire  type  changes  and 
common  run  length  shortening.  These  can  be  performed  either  manually  or  automatically. 


PRIMARY  EMC  EFFORT  IN  HARNESSES 

Given  a project  in  the  design  stage,  all  wiring  diagrams  were  reviewed  and  each  wire  was  categorized  as  mentioned 
above  and  when  not  limited  by  equipment  or  manufacture  constraints,  was  assigned  a wire  type  according  to  good 
engineering  practices.  As  an  example,  audio  lines  were  twisted  shielded  pairs,  power  lines  were  twisted  whenever 
possible  etc.  Upon  completion  of  this  task,  all  data  required  for  the  analysis  such  as  wire  category  and  type,  harness 
layout  with  dimensions,  were  punched  on  computer  data  cards  (see  Figure  5 overleaf). 


THE  COMPUTER  PROCRAM 

The  aim  of  the  computer  analysis  was  to  point  out  possible  casts  of  interference  after  the  primary  effort  had 
been  completed,  and  to  enable  the  designer  to  estimate  if  the  case  was  really  a problem  and  to  choose  a fix  when 
necessary. 

The  program  is  constructed  of  three  major  blocks: 


Figure  6 


* We  have  assumed  here  that  ail  AC  interfering  currents  are  in  phase,  which  may  not  be  the  case,  but  is  in  agreement  with  the  worst- 
case  trend. 

t In  this  analysis  we  have  assumed  that  transients  do  not  occur  simultaneously  and  that  one  transient  pickup  above  the  susceptibility 
level  is  not  allowed. 


Figure  7 


The  first  step  is  the  reading  of  wire  data  from  the  punched  cards.  This  data  includes  end  point  designators, 
wire  type,  and  category.  These  cards  also  include  the  topography  of  the  harnesses,  with  branch  lengths  and  designa- 
tions. 

Next,  each  wire  data  is  stored  in  the  computer  memory  according  to  the  cable  to  which  it  belongs. 

The  computational  phase  starts  with  a run  through  the  first  cable  wires  and  stopping  at  the  first  sensitive  wire 
encountered  and  setting  its  route  according  to  the  wire  and  harness  data. 

The  first  interfering  wire  is  selected  and  its  route  is  determined  according  to  the  wire  and  harness  data. 

The  common  run  length  is  then  computed.  This  is  the  only  coupling  dependent  factor  that  is  computed  in  this 
analysis,  all  otner  factors  have  been  set  according  to  category. 

Following  this  step,  the  400  Hz  AC  coupling  is  determined  and  stored. 

The  transient  current,  based  upon  the  relay  operation  spikes,  MIL-STD-704  transients,  and  the  load  resistance 
of  the  interfering  wire  is  then  computed. 

If  the  common  run  length  exceeds  1.5  m the  transient  current  times  length  is  then  computed  and  stored,  if 
common  run  length  is  less  than  1.5  m the  program  continues  to  the  next  step. 

If  the  interfering  coupled  AC  voltage  is  above  6 db  below  the  susceptibility  level  of  the  sensitive  wire,  it  is  then 
compared  to  the  susceptibility  level  and  if  it  is  below  this  level,  the  interfering  coupled  voltage  from  this  wire  is 
printed  with  an  addition  o.k  on  the  same  line. 

If  the  AC  voltage  transfer  is  below  6 db  margin,  the  next  phase  is  the  summation  of  all  contributions  to  this 
type  of  interference. 

When  the  interference  from  a single  wire  exceeds  the  susceptibility  level,  a print  out  of  this  voltage  is  followed 
by  the  word  “check”  to  alert  the  EMC  engineer  to  a possible  case  of  interference. 

A summation  of  all  AC  coupled  voltages  to  the  sensitive  wire  is  compared  to  the  susceptibility  level  and  a print 
out  with  o.k  or  “check”  is  generated,  dependent  on  the  resultant  coupled  interfering  voltage. 

A similar  procedure  is  applied  to  the  transient  interference  case.  The  basic  difference  being  the  assumption 
that  transients  do  not  occur  simultaneously  and  may  be  dealt  with  as  separate  sources. 


The  transient  current  computed  in  an  earlier  phase  of  the  computer  program  is  now  compared  to  a maximum 
allowed  interference  level  of  30  amp-meter,  as  per  the  MIL-STD-4M  limit  of  RSOT  A 0 db  margin  Is  inserted  and 
the  conqmrison  Is  first  perfonned  on  a level  of  15  amp-meter,  If  the  interfering  current  times  common  :un  length 
is  below  this  value,  the  nex>  interfering  wire  is  selected.  If  it  is  above  15  amp-meter  then  the  comparison  is 
performed  on  the  30  amp-meter  level.  If  it  is  below  (his  level,  a print  of  the  current  times  length  Is  generated  with 
the  letters  o k if  not.  then  the  current  times  length  wilt  be  followed  by  the  word  “check’’. 


OUT-PUT  DATA 

This  output  format  enables  the  IMl'  design  engineer  to  review  the  IMl  status  of  his  system  with  ease,  and 
decide  on  the  best  way  to  deal  with  the  problem: 

If  there  exists  one  wire  or  a number  of  wires  in  the  A('  category  which  are'  the  prime  contributors  to  the  cable 
I Ml.  do  they  interfere  with  one  or  a number  of  sensitive  wire's','  the  same  questions  are'  valid  for  the  transient  case. 

The  decisions  to  be  made  are  a result  of  the  review  of  the  re'sults  and  the  answers  to  the  questions,  for  example, 
if  the  interference  is  caused  by  a single  wire  and  picked  up  by  a number  sensitive  wires,  when  it  is  best  to  deal  with 
the  single  noisy  wire,  if  possible. 
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When  1 1 interference  problem  is  spotted  after  the  analysis  lias  been  performed,  and  either  the  sensitive  circuit 
wire  type  cannot  be  changed,  or  the  victims  arc  many  and  the  number  of  Inte  ferlng  wire's  is  small,  the  designer  may 
choose  to  change  Interfering  win'  type.  The  following  data  will  aid  him  to  choose  the  new  wire  type;  as  depicted 
in  Figure  It), 

When  used  In  practice,  the  program  picked  up  and  pointed  to  KH  of  all  wires  in  the  system  as  possible  cases  of 
TM1.  Many  of  those  were  discarded  by  the  engineering  decision  phase  as  being  too  much  on  the  worst-case  side, 
and  so  very  few  wires  were  left  to  be  dealt  with  and  fixed. 
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An  EMC  test  performed  on  the  system  after  the  method  was  implemented  resulted  in  only  minor  cases  of 
interference  due  to  transient  coupling,  and  causing  nuisance  type  of  interference  only. 

A few  figures  connected  with  the  program  are:  a 60  second  run  is  required  for  a 250  wire  cable,  and  a capability 
of  1500  wire  harness  analysis,  on  the  CDC  6600  computer. 
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Fig.  10  Decoupling  effect  of  interfering  wire  type  change 
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DISCUSSION 


R.OIesch:  Does  the  computer  program  consider  the  actual  position  of  the  wire  in  consideration  and  the  interfering 
wire? 

O.Hartal:  The  computer  program  actually  determines  coupling,  based  upon  the  coupling  parameter  for  the  specific 
wire-type  combination  involved,  and  the  common  run  length.  The  coupling  parameter  includes  the  positions  of 
interfering  wire  and  the  susceptible  wire  and  this  is  2"  above  ground  plane  and  tight  coupling,  that  is,  spacing  - 
adjacent. 
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SUMMARY 


The  multiplicity  of  test  data  required  by  EMI  specifications  is  a well  recog- 
nized problem.  Interference  measurements  are  complex  and  testing  procedures  are 
specialized.  The  problem  is  further  complicated  when  one  considers  whether  the 
tester  is  interested  in  making  a site-survey  or  in  analyzing  equipme.it/system 
performance  measurements.  The  measurement  system  developed  utilizes  plug-in 
modules;  the  modular  concept  permits  the  assembly  into  one  package  of  only  those 
modules  required  for  a specific  measurement  task. 

Controversy  is  continuing  today  in  the  areas  of  data  correlation  and  measure- 
ment units.  A measurement  instrument  was  developed  to  give  EMI-RFI  testers  more 
reliable  information  on  received  signals  of  an  unknown  nature.  The  amplitude 
distribution  measurement  can  be  applied  to  any  situation  where  the  distribution 
of  a signal  is  desired. 

An  evaluation  of  various  detector  modules  defined  usable  measurement  techni- 
ques for  various  signal  types.  New  measurement  concepts  are  introduced  to  the 
EMI/RFI  field  to  give  increased  data  on  a detected  unknown  signal  and  certainly 
more  reliable  data  than  that  taken  with  present  measurement  techniques  and  systems. 

1 . INTRODUCTION 

The  Basic  Circuit.  Modules  program  entailed  the  design  of  a modular  electro- 
magnetic interference  (EMI)  measurement  receiving  system  to  cover  the  frequency 
range  from  30  Hz  to  40  GHz.  This  receiving  system  is  designed  to  provide  a univer- 
sal measuring  device  for  all  known  present  and  future  anticipated  EMI  requirements. 

To  provide  a useful  EMI  measurement  instrument,  present  uses  must  be  consider- 
ed as  well  as  future  requirements.  Presently,  most  EMI  measurements  are  performed 
according  to  numerous  federal  and  military  standards.  These  standards  have  been 
devised  to  evaluate  the  electromagnetic  compatibility  of  the  equipment  under  test 
with  either  existing  equipment  or  with  other  parts  of  the  same  system. 

Another  use  of  EMI  measurement  receivers  is  to  make  site  surveys.  In  this 
application  an  area,  which  is  to  be  used  for  an  installation  where  RF  interference 
is  critical,  is  checked  to  measure  the  intensity  of  RF  signals  which  are  normally 
present. 

These  two  applications  cause  conflicting  requirements  to  be  considered  in  the 
design  of  any  EMI  measurement  receiver.  In  testing  to  design  standards,  the  test 
environment  is  usually  a laboratory  or  test  site  where  no  serious  restrictions  of 
test  equipment  volume  or  weight  need  be  considered.  The  amount  of  variation  in  the 
measurement  equipment  and  the  data  recording  equipment  is  almost  unlimited.  The 
site  survey  application  is  a completely  different  situation.  In  this  case,  porta- 
bility is  of  prime  importance  which  means  that  size,  weight  and  power  are  all  ultra- 
critical  problems.  This  is  especially  true  when  the  site  survey  is  to  be  made  in 
a remote  location  where  the  test  equipment  must  be  hand-carried.  In  this  type  of 
environment,  the  minimum  amount  of  equipment  to  perform  the  required  tests  must 
be  used. 
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From  these  two  typical  applications  one  set  of  problems  is  obvious.  For 
laboratory  testing,  a sophisticated  receiving  system,  supplemented  by  automatic 
or  semi-automatic  data  recording  and  control  equipment  can  be  used.  The  time 
required  to  perform  these  measurements  can  be  minimized  by  using  fully  auto- 
matic control  and  data  recording.  For  site  survey,  a simple,  less  complicated 
system  is  required.  Hardware  size  reduction  is  a necessity  while  measurement 
accuracy,  consistent  with  present  day  receiver  capability,  must  be  maintained. 

These  conflicting  requirements  can  be  solved  by  utilising  modular  techni- 
ques. The  Basic  Circuit  Modules  receiver  is  constructed  so  that  only  the  modules 
needed  for  the  pertinent  application  are  used.  For  site  survey  work,  only  the 
modules  necessary  to  perform  the  required  task  need  be  assembled  to  form  the 
receiving  system.  The  number  and  type  of  modules  to  be  used  must  be  determined 
for  each  measurement  task.  The  receiving  system  can  therefore  vary  from  a fully 
automatic,  computer-controlled  system  to  a small  portable,  ruggedized  unit  suit- 
able for  field  use. 

The  second  problem,  which  must  also  be  considered,  in  addition  to  the  receiver 
design,  is  the  measurement  problem.  Present  day  receiving  systems  provide  meter 
indications  which  are  essentially  meaningless  unless  the  type  of  input  signal  carrier 
and  modulation  are  known.  The  problem  in  this  area  was  to  develop  measurement  tech- 
niques which  are  meaningful  without  adding  significantly  to  the  complexity  of  oper- 
ation and  hardware. 

Typical  practices  call  for  recording  meter  data  in  field  operations  and  then 
later  inverting  this  to  absolute  signal  levels  by  signal  substitution.  This  type 
of  measurement  technique  can  yield  large  errors  in  signal  level  if  the  proper  type 
of  signal  and  modulation  characteristics  are  unknown.  In  addition,  the  data  is 
often  not  reproducible. 

Units  of  signal  measurement  are  another  point  of  confusion  in  EMI  measurement 
instruments.  The  optimum  set  of  measurement  units  must  be  established  so  that 
significant  data  can  be  evaluated.  The  best  situation  that  could  be  achieved  would 
be  to  develop  the  receiving  system  as  a voltmeter  whose  output  circuitry  provides 
an  RKS  measurement  of  the  input  signal,  regardless  of  the  characteristics  of  the 
input  signal.  This  problem  of  measurement  was  combined  with  the  receiver  configura- 
tion problem  to  develop  an  optimum  EMI  measurement  instrument. 

2 . PROGRAM  RESULTS 

AEL  has  developed  a universal  electromagnetic  compatibility  (EMC)  analyzer 
that  will  satisfy  the  numerous  maasurement  requirements  of  the  electromagnetic 
compatibility  community.  The  measurement  system  utilizes  plug-in  modules  for  the 
convenience  of  the  EMC  testing  facility.  The  modular  concept  permits  the  assembly 
into  one  package  of  only  those  modules  required  for  a specific  measurement  task. 

The  resulting  design  flexibility  will  permit  any  combination,  from  a simple  four- 
module  instrument,  as  shown  in  Figure  1,  to  a fully  automated  assemblage  of  all 
analyzer  modules. 

Utilization  of  plug-in  receiver  modules  for  a universal  EMC  analyzer  provides 
a cost-effective  instrument  for  all  types  of  EMC  test  facilities.  The  purchase  of 
an  EMC  analyzer,  utilizing  just  the  required  basic  receiver  modules  is  more  expedi- 
tious and  economical  than  modifying  existing  equipment  and  purchasing  additional 
auxiliary  equipment.  Additional  receiver  modules  may  always  be  added  to  the 
analyzer  as  new  standards  and  measurement  techniques  are  formulated. 

The  selection  of  analyzer  modules,  from  an  inventory  listing,  for  a specific 
measurement  results  in  an  optimum  instrument  (required  frequency  range,  sensitivity, 
dynamic  range,  measurement  function,  etc.)  which  leads  to  a high  level  of  confidence 
that  the  data  recorded  is  true  data.  One  measurement  system  for  all  tests  results 
in  the  standardization  of  parameters  so  that  the  problems  of  correlating  data, 
taken  by  instruments  of  various  characteristics,  are  eliminated. 

3.  RECEIVER  DESCRIPTION 

Figure  2 shows  the  generalized  block  diagram  of  the  basic  circuit  modules 
receiver.  This  diagram  shows  the  major  modular  division  which  was  formulated  during 
the  design  bhase.  Nine  module  types  are  required  to  implement  the  entire  measure- 
ment system.  These  modules  form  a functional  division  of  the  measurement  system. 
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Future  development  may  allow  combining  some  of  these  functions,  as  well  as  the 
introduction  of  new  modules. 

Three  tuners  were  fabricated  to  demonstrate  the  modular  concept,  covering 
the  frequency  ranges  of  1 to  2 MHz,  20  to  40  MHz  and  500  to  1000  MHz.  The  block 
diagram  of  these  three  tuner  modules  is  shown  in  Figure  3.  The  tuner  configura- 
tion shown  for  all  three  frequency  bands  is  a double-conversion  superheterodyne 
receiver  whose  output  is  converted  to  a common  IF  frequency  of  60  MHz.  This 
allows  the  use  of  a single  IF  module  for  all  tuner  bands.  An  up-conversion  is 
performed  in  the  first  mixer  to  raise  the  first  IF  frequency  above  the  RF  input 
frequency.  This  helps  to  minimize  image  problems  and,  in  most  cases,  eases  IF 
filtering  problems.  The  RF  environment  is  filtered  with  a tunable  RF  preselector 
at  the  tuner  input.  The  first  conversion  in  each  tuner  module  utilizes  the  output 
of  the  wide  range  local  oscillator,  while  the  second  conversion  is  performed  using 
a fixed- frequency  temperature-compensated  crystal  oscillator. 

A block  diagram  of  the  local  oscillator  is  given  in  Figure  4.  This  diagram 
shows  that  the  LO  section  provides  tuning  signals  for  the  entire  1 MHz  to  1 GHz 
frequency  range.  A single  VCO  is  used  as  the  signal  source  for  all  frequency 
ranges.  This  oscillator  is  stepped  under  the  control  of  a D/A  converter  in  the 
automatic  sweep  mode  and  is  controlled  through  the  use  of  a phase-locked  loop  in 
the  manual  mode  of  operation.  The  output  frequencies  for  each  frequency  band  are 
indicated  in  the  block  diagram  shown  in  Figure  4.  The  lowest  frequency  (1  to  10 
MHz)  is  obtained,  using  a digital  divider  and  filter  network.  The  next  frequency 
range  (10  to  125  MHz)  uses  the  oscillator  output  directly.  The  125  to  1000  MHz 
range  uses  the  multiplied  output. 

block  diagram  of  the  IF  module  is  shown  in  Figure  5.  The  input  to  this 
module  is  the  tuner  module  output  which  has  been  converted  to  the  60  MHz  IF 
frequency.  The  IF  signal  is  passed  through  a series  of  amplifiers  and  filters 
which  form  the  IF  bandpass  and  provides  compensating  gains  to  maintain  a constant 
noise  level  at  the  output  of  the  video  detector.  This  chain  of  filters  and 
amplifiers  is  followed  by  a power  splitter.  One  arm  of  the  splitter  is  used  as  a 
sample  output  which  is  brought  out  to  the  front  panel.  The  second  output  of  the 
splitter  is  the  main  signal  path  which  passes  through  an  IF  attenuator  and  onto 
the  final  high  gain  linear  IF  amplifier.  The  IF  attenuator  is  remotely  program- 
mable and  is  controlled  by  two  thumbwheels  on  the  front  panel  of  the  IF  module. 

A 59-dB  range  of  attenuation  is  offered  to  maintain  the  signal  amplitude  within 
the  post-amplifier  dynamic  range. 

4.  AMPLITUDE  DISTRIBUTION  MEASUREMENT  INSTRUMENT 

The  Amplitude  Distribution  Measurement  Instrument,  shown  in  Figure  6,  was 
developed  to  give  EMI-RFI  users  more  reliable  information  on  received  signals  of 
an  unknown  nature.  The  amplitude  distribution  measurement  can  also  be  applied  in 
any  situation  where  the  distribution  of  a signal  is  desired.  The  Amplitude 
Distribution  Measurement  Instrument  is  designed  to  measure  the  percentage  of  the 
measurement  time  that  the  input  voltage  has  spent  in  each  of  the  instruments' 
fixed  preset  voltage  levels.  The  output  information,  therefore,  reflects  amplitude 
and  time  duration  information  of  the  incoming  waveforms.  One  of  the  most  important 
undertakings  of  this  program  was  to  evaluate  various  detector  modules.  This  study 
defined  usable  measurement  techniques  for  various  signal  types.  The  goal  was  to 
introduce  new  measurement  concepts  to  the  EMI-RFI  field  to  give  increased  data  on 
a received  unknown  signal  and  certainly  more  reliable  data  than  that  taken  with 
present  measurement  techniques  and  systems. 

There  are  two  general  groups  of  signals  that  are  desirable  to  evaluate;  the 
deterministic  and  non-deterministic  (random)  signals.  ' Deterministic  signals  are 
relatively  simple  to  evaluate  since  they  have  a predictable  pattern,  however, 
random  signals  are  very  difficult  to  evaluate  due  to  their  unpredictable  nature. 

Random  signals  can  be  further  divided  into  two  types;  stationary  and  non- 
stationary. Stationary  random  signals  have  statistical  regularity  in  that  certain 
averages  formed  over  many  samples  do  not  depend  on  the  particular  time  of  measure- 
ment. Non-stationary  random  signals  are  most  difficult  to  evaluate  since  averages 
formed  are  dependent  on  the  time  when  the  sample  was  taken. 
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Present  measurement  systems  do  not  have  the  ability  to  obtain  useful 
information  on  many  types  of  signals.  Average  and  RMS  readings  can  be  mis- 
leading and  cannot  provide  useful  measurement  for  all  types  of  signals.  For 
signals  formed  other  than  CW,  the  average  type  of  measurement  bears  no 
relationship  to  the  incoming  RF  signal  or  to  the  modulation  signal. 

Peak  voltage  measurements  can  be  useful  in  defining  a signal  if  the 
receiver  bandwidth  is  wide  enough  to  ensure  that  the  measured  peak  is  the  true 
signal  peak. 

The  mean-square  voltage  measurement  was  evaluated  and  it  was  shown 
that  for  only  certain  classes  of  signals  can  the  video  voltage  output  of  an 
envelope  detector  be  related  to  the  average  power  of  the  RF  signal.  In 
particular,  only  for  periodic  CW  and  wide  sense  random  stationary  signals  is 
this  type  of  measurement  meaningful. 

The  amplitude  distribution-type  system  was  also  considered.  The  results 
indicated  that  the  amplitude  distribution  of  signals  from  various  modulation 
systems  could  be  expected  to  give  repeatable  data.  Certain  types  of  noise;  such 
as,  atmospheric,  ignition,  lightning,  and  corona,  will  tend  to  have  statistical 
regularity,  enabling  some  probability  statement  to  be  made.  Periodic  signals 
will  produce  repeatable  data  with  the  amplitude  distribution  measurement 
instrument. 

Figure  7 summarizes  the  findings  of  the  study  program  measurement 
system  evaluation.  The  important  conclusions  drawn  from  this  table  are  that 
three  types  of  measurement  systems  are  useful  for  all  types  of  modulation; 

1)  The  Amplitude  Distribution  System 

2)  The  RMS  Measurement 

3)  The  Oscilloscope 

It  is  felt  that  the  oscilloscope  is  necessary  to  interpret  both  RMS  meter  read- 
ings and  amplitude  distribution  information,  and  any  measurement  system  should 
be  used  along  with  an  oscilloscope  to  allow  real  time  viewing  of  the  video 
voltage. 


4.1  Amplitude  Distribution  Instrument  Applications 

4.1.1  Applications  as  a Field  Intensity  Detector  Module 

With  the  large  number  of  field  intensity  measurement  systems  and  detectors 
that  exist,  one  question  that  arises  is;  where  can  the  amplitude  distribution 
measurement  technique  be  used  most  effectively?  Considering  some  of  the  preceding 
information  will  supply  some  answers  to  this  question,  especially  when  a comparison 
with  some  existing  measurement  techniques  are  made.  One  example  of  an  effective 
use  of  the  AD  is  to  monitor  the  occurrence  of  a transient  condition  that  occurs 
very  infrequently.  This  type  of  application  may  be  encountered  when  testing  a 
system  for  spurious  emissions.  As  an  example,  using  a waveform  of  a 20-microsecond 
pulse  occurring  once  every  fifty-seconds,  it  can  be  deduced  that  the  amplitude  and 
duration  of  the  transient  can  be  characterized  without  complex  storage  media  and 
without  utilizing  a large  amount  of  test  equipment.  True,  t s exact  transient 
waveform  is  not  specifically  defined  (especially  if  a complex  signal  were  to  be 
encountered),  in  this  case,  mainly  due  to  the  gross  quantization  intervals  that 
have  been  selected  to  demonstrate  the  instrument  capabilities.  Finer  quantizing 
intervals  would  produce  a more  accurate  representation  of  the  waveform.  The 
occurrence  of  the  transient  is  easily  determined,  however,  which  is  certainly  not 
easily  done  using  average,  RMS  or  even  some  peak  reading  meters. 

A second  application  is  to  determine  the  characteristics  of  an  unknown 
complex  waveform.  One  example  of  this  may  be  where  a single  frequency  is  being 
used  for  different  applications,  such  as  pulsed  radar  transmission  and  voice  or 
coded  data  transmission.  A simple  meter  reading  will  not  be  sufficient  to  detect 
the  difference  in  signal  characteristics  if  the  RMS  or  average  values  are  equal. 

The  signature  of  the  signal  is  required  to  distinguish  the  different  types  of 
transmission.  This  will  be  true,  if  real  time  observation  of  the  signal  is  not 
possible  due  to  the  random  nature  of  the  demodulated  signal,  or  due  to  alternating 
types  of  signal  transmission. 
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In  order  to  analyze  the  various  types  of  signal  waveforms  that  can 
occur,  a library  of  signal  signatures  must  be  assembled,  similar  to  that 
gathered  in  AEL  Technical  Report  1020-2,  to  provide  some  basis  for  comparison 
between  the  received  (unknown)  data  and  established  (known)  signal  records. 

It  is  recommended  that  further  investigation  of  the  amplitude  distribution 
characteristics  of  various  types  of  signals  be  made  such  that  full  use  of  the 
measurement  system  can  be  realized  in  the  field  intensity  detection  application. 

4.1.2  Application  in  Other  Fields 

The  use  of  the  Amplitude  Distribution  Measurement  technique  has  appli- 
cations in  any  type  of  process  where  a large  number  of  samples  with  varying 
parameters  must  be  monitored  and  the  variations  of  thece  parameters  must  be 
measured  and,  in  some  cases,  controlled.  Some  examples  of  these  types  of 
processes  are  rolling,  drawing  and  extruding  of  all  types  of  metals;  in  this 
case,  a tolerance  distribution  over  a time  period  mu --t  be  known  in  order  to 
control  the  process  or  to  inspect  the  final  product  to  determine  the  quality 
of  the  resultant  product. 

Other  types  of  monitoring,  where  the  AD  can  be  applied  are  pressure, 
temperature,  air  flow  and  environmental  transducers  of  almost  ary  kind.  The 
measurement  of  the  distribution  of  the  variation  in  the  transducer  output  is 
sometimes  more  important  than  absolute  limit  monitoring,  especially  where 
separation  of  product  output  into  various  categories  is  required,  dependent  on 
overall  lot  tolerance  distribution. 

Communication  channel  monitoring  is  another  area  where  the  AD  can  be 
applied.  The  quality  of  both  the  transmitted  information,  as  well  as  the  noise 
distribution  in  the  channel  can  be  monitored  in  order  to  determine  the  quality 
of  the  channel  under  varying  conditions  so  that  the  operation  of  error  detect- 
ing and  correcting  equipment  can  be  put  into  use,  depending  on  the  channel 
quality. 


In  general,  the  Amplitude  Distribution  Measurement  technique  can  be  used 
in  any  application  where  the  process  can  be  monitored  in  discrete  voltage  levels 
and  where  time  dependent  interrogation  can  be  performed,  based  on  the  measurement 
of  the  distribution  of  critical  process  parameters. 

4.2  Amplitude  Distribution  Instrument  Development  Considerations  , 

The  results  of  the  measurement  system  study  concluded  that  the  AD  measure- 
ment is  applicable  to  all  modulation  forms;  although  it  has  not  been  fully  evalu- 
ated for  random  signals  and  little  is  known  concerning  the  implementation  required 
to  obtain  the  most  meaningful  results. 

Of  the  three  measurement  systems  that  provide  meaningful  information,  the 
oscilloscope  is  considered  a necessity,  the  RMS  measurement  is  fairly  easy  to 
implement  and  therefore  the  AD  system  remains  to  be  given  further  attention. 

Technical  considerations  constraining  the  AD  instrument  ioqslementation  were; 

1)  Information  bandwidth  (receiver  bandwidth) 

2)  Output  storage  of  data  and  interpretation  of  data  output. 

Since  the  processing  is  done  at  video,  the  information  bandwidth  is  the 
widest  receiver  bandwidth  used  in  present  receivers.  The  widest  receiver  band- 
width implemented  in  the  Basic  Circuit  Modules  Receiver  is  10  MHz,  or  a 5 MHz  video 
bandwidth,  therefore,  a sampling  clock  rate  of  20  MHz  was  chosen. 

The  block  diagram  shown  in  Figure  8 indicates  the  approach  taken  in  imple- 
menting the  AD  measurement.  The  output  of  the  linear  detector  is  used  as  the 
instrument  input.  DC  coupli  g was  used  in  order  to  eliminate  duty  cycle  problems 
which  can  occur  with  unknown  lignal  forms. 

The  buffered  detector  output  is  applied  to  the  four  comparator  inputs. 

Any  number  of  comparators  can  be  used  but  for  discussion  purposes  we  will  use  four. 
The  comparator  threshold  voltages  are  applied  to  the  other  comparator  inputs  and  are 
selected  to  uniformly  cover  the  video  detector  dynamic  range. 
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The  comparators  provide  a level  shift  at  their  output  when  the 
threshold  level  is  exceeded.  This  level  shift  is  sent  to  an  AMD  gate  which 
has  the  20  MHz  clock  pulses  as  the  other  input.  As  long  as  the  threshold 
level  of  the  comparator  is  exceeded,  the  gate  will  provide  the  20  MHz  clock 
to  the  counter.  The  number  of  counts  which  occur  is  a measure  of  the  time 
the  signal  is  above  the  set  threshold.  The  counter  output  is  then  stored  at 
the  end  of  a measurement  period. 

The  measurement  time  used  will  be  such  that  the  total  sum  of  counts 
for  a measurement  interval  is  1 x 10x  where  x is  some  integer  so  that  the 
counter  output  can  be  directly  related  to  a percentage  of  time.  The  longer 
the  measurement  time  the  more  accurate  the  measurement  will  be,  however, 
the  longer  the  time,  the  larger  the  counters  muet  be  to  prevent  overflow.  If 
the  measurement  time  is  too  long,  the  data  may  not  be  accurate,  due  to  the 
input  signal  changing  its  form  over  a long  time  interval. 

In  implementing  the  AD  measurement  concept,  a few  more  points  of 
interestr  are  raised; 

1)  What  is  the  optimum  number  of  threshold  levels? 

2)  What  is  the  optimum  measurement  time  interval? 

3)  How  should  instruments  be  implemented  to  be  compatible  with 
present  day  receivers  and  how  can  its  use  be  simplified? 

Hardware  limitations  are  the  major  restrictions  to  Items  1 and  2. 
Several  refinements  were  made  to  the  AD  instrument  block  diagram,  during  its 
development,  in  order  to  make  it  more  useful  as  a measurement  instrument. 

4.3  Amplitude  Distribution  Instrument  Expectations 

In  most  EMI/RFI  survey  work,  the  majority  of  signals  will  appear  to  be 
random.  By  using  the  AD  measurement,  a conclusion  can  be  made,  stating  the 
average  waveform  will  be  expected  to  spend  some  percentage  of  its  time  in  a 
defined  amplitude  window.  In  other  words,  the  goal  is  to  be  able  to  predict 
that,  if  the  same  measurement  were  made  at  different  times  on  a random  wave- 
form, the  data  would  be  somewhat  predictable.  For  this  to  be  true,  the  signal 
must  exhibit  some  statistical  regularity.  If  this  is  so,  then  one  can  state 
that  for  an  observation  time,  the  probability  that  the  RF  voltage  assumed  a 
value  within  a voltage  window  is  not  dependent  upon  the  time  the  measurement 
is  made. 


For  the  majority  of  types  of  random  modulations,  the  most  reasonable 
approach  was  to  record  the  amplitude  distribution  of  a signal  for  as  many 
samples  as  possible.  From  a given  sample  it  would  most  likely  not  be  possible 
to  determine  a probability  statement  for  the  signal;  but  if  several  tests  are 
made  and  the  data  analyzed,  some  trends  or  averages  might  appear. 

The  block  diagram  for  the  AD  instrument  is  shown  in  more  detail  in 
Figure  9.  Thumbwheel  switches  on  the  front  panel  are  used  in  the  threshold 
circuit  to  generate  threshold  levels  for  five  comparators.  An  error  light, 
mounted  on  the  front  panel,  indicates  that  an  error  has  been  made  in  setting 
the  threshold  thumbwheel  switches.  The  threshold  levels,  along  with  the 
detected  video,  are  sent  to  the  comparators.  The  comparators  produce  six 
output  gates  that  indicate  which  window  the  signal  is  in  at  that  time.  The 
comparator  window  outputs  are  each  sent  to  one  of  the  six  channels,  along 
with  the  measurement  clock  signals.  The  six  data  channels  use  these  signals 
to  count  the  number  of  clock  pulses  that  occur  while  the  input  signal  is 
within  that  channel’s  voltage  window. 

A typical  waveform  and  the  corresponding  comparator  output  and  exclu- 
sive enabling  output  are  shown  in  Figure  10.  The  exclusive  enabling  gate 
outputs  drive  a series  of  two  input  AND  gates;  the  other  input  to  these  gates 
is  the  channel  clock  signal  which  is  used  to  determine  the  time  within  each 
window.  There  are  six  outputs  from  the  AND  gates  which  form  the  input  to  the 
six  measurement  channels;  four  of  these  outputs  are  used  to  determine  the  time 
within  the  four  windows  generated  by  the  five  threshold  levels,  while  the 


remaining  two  outputs  will  determine  time  above  the  highest  and  below  the  lowest 
levels.  These  two  have  been  added  to  aid  in  determining  the  gain  change  required 
to  obtain  the  optimum  measurement.  The  actual  threshold  levels  are  generated  \ 
using  two  manually  operated  sets  of  thumbwheel  switches.  One  set  of  thumbwheel 
switches  generates  the  highest  threshold  while  the  other  controls  the  lowest 
level.  The  remaining  three  levels  are  equally  spaced  by  the  four  resistors 
placed  between  these  two  levels. 


W7 

V 


The  system  clock  controls  the  timing  and  sequence  of  operation  through- 
out the  AD  measurement  instrument.  The  basic  timing  source  is  a 20-MHz  crystal 
clock.  This  clock  is  used  to  generate  the  channel  clock  for  the  input  AND  gates. 
This  clock  source  is  counted  down  to  form  the  measurement  signals  which  deter- 
mine how  long  the  AD  measurement  is  active.  Two  measurement  times  are  available; 

50  seconds  and  5 seconds  (long/short) . The  long  (50-seconds)  and  short  (5-seconds) 
measurement  times  are  selectable  by  a switch  on  the  front  panel. 


The  channel  outputs  are  sent  to  the  printer  output  and  the  analog  display 
outputs.  The  printer  output  provides  the  necessary  signals  to  interface  a digital 
printer  while  the  analog  display  provides  the  necessary  outputs  to  generate  a 
display  on  an  oscilloscope. 


The  system  timer  receives  the  front  panel  switch  information  for  measure- 
ment time- type  of  measurement  and  start/stop  data.  The  system  timer  also  controls 
the  operation  of  the  six  data  channels  and  output  circuitry. 

The  main  output  from  the  AD  measurement  system  is  an  analog  circuit  which 
can  be  observed  on  an  oscilloscope.  This  output  is  generated  by  taking  the  two 
most  significant  decades  from  the  output  storage  in  each  channel  and  converting 
these  to  analog  form  and  displaying  this  output  on  an  oscilloscope.  The  data  is 
gated  through  to  the  input  of  a D/A  converter.  The  output  voltage  from  the  con- 
verter is  proportional  to  the  number  of  counts  accumulated  in  each  of  the  channel 
counters.  A synchronization  trigger  is  supplied  for  the  oscilloscope.  A typical 
display,  which  is  generated,  is  shown  in  Figure  11.  The  oscilloscope  is  set  for 
2 volts/centimeter  on  the  vertical  axis  and  the  sweep  speed  is  set  for  0.5  milli- 
seconds/centimeter. The  oscilloscope  is  triggered  on  the  negative  edge  of  the 
trigger  output.  With  these  conditions,  the  vertical  deflection  of  each  of  the 
six  horizontal  divisions  represent  the  output  of  each  of  the  six  channels;  that 
is,  the  amplitude  is  proportional  to  the  time  in  each  of  the  six  windows.  The 
seventh  division  represents  magnitude  information.  The  display  shown  in  Figure 
11  shows  that  the  received  signal  fell  within  the  second  and  sixth  windows  more 
than  in  any  of  the  others.  The  signal  fell  within  the  fifth  window  the  least 
amount  of  times. 


An  evaluation  of  typical  signals,  along  with  data  received  from  the 
amplitude  distribution  instrument,  is  contained  in  AEL  Technical  Report  1020-2, 
which  shows  the  correlation  between  the  two  and  verifies  that  the  output  data 
is  correct  for  the  incoming  RF  signal.  Many  types  of  signals  were  evaluated, 
such  as;  sine  wave,  triangular  wave,  pulses  of  various  pulse  widths,  noise, 
and  finally  broadcast  AM  and  FM  station  signals.  Two  other  types  of  signals 
weie  also  evaluated;  audio  FSK  and  TV  video. 

4.4  Amplitude  Distribution  Instrument  Conclusions 

The  data,  describing  the  amplitude  distribution  tests,  taken  on  standard 
waveforms  (sine  wave,  square  wave,  pulse  signals)  shows  close  correlation  with 
theoretical  limits.  This  is  shown  in  every  case  with  no  exception  by  comparing 
the  predicted  display  with  the  actual  photoyraph  taken  for  each  waveform.  This 
series  of  tests  waa  performed  mainly  to  validate  the  operation  of  the  overall 
system.  After  probing  the  system  capabilities  in  this  manner,  tests  on  gaursian 
noise  were  made,  since  the  amplitude  distribution  of  this  type  of  signal  is  well 
defined.  Here  again,  the  results  tabulated  showed  good  correlation  with  the 
predicted  values. 

The  final  set  of  data  taken  measured  the  distribution  for  AM-FM  radio 
and  TV  stations.  The  conditions,  under  which  the  distributions  were  measured, 
were  recorded  to  see  if  a change  in  the  distribution  could  be  detected  when  the 
type  of  information  was  changed;  that  is,  when  a music  transmission  was  changed 
to  a station  announcement  or  news  transmission.  The  results  showed  no  notice- 
able change  in  distribution  as  the  type  of  transmission  was  changed.  These 
tests  on  radio  and  TV  signals  showed  a need  for  finer  threshold  resolution  in 
order  to  produce  more  definitive  data  on  signals  of  this  nature. 
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4.5  Present  A/D  Instrument  Limitations 

Measurement  instruments,  that  are  in  existence  today,  are  designed 
to  perform  sophisticated  correlation  and  probability  analysis.  These 
instruments  present  fine  grain  level  sensing  (hundreds  of  quantizing  levels)  . 
However,  some  tradeoff  in  speed  is  made  to  obtain  better  accuracy.  The  AD 
instrument,  just  described,  provides  a simplified  higher  speed  instrument  at 
a significantly  lower  cost  that  can  be  used  in  applications  where  the  fine 
grain  accuracy  is  not  required  and  wider  bandwidth  signals  must  be  monitored. 

The  major  limitations  of  the  present  AD  instrument  are; 

1)  the  maximum  input  bandwidth 

2)  the  number  of  channels  utilized,  and 

3)  the  length  of  measurement  time. 

The  input  signal  bandwidth  is  limited  to  5 MHz  in  the  present  AD 
instrument,  due  to  the  20  MHz  sample  rate.  In  future  versions,  the  input 
bandwidth  will  be  extended  to  50  MHz  with  a clock  rate  or  200  MHz  which  is 
available  utilizing  present  day  hardware. 

The  number  of  channels  was  limited  to  six,  in  order  to  limit  the  physical 
size  of  the  AD  instrument  and  to  minimize  complexity. 

The  measurement  time  was  selected  to  limit  the  channel  circuitry.  It  is 
anticipated  that  in  future  AD  instruments  the  channels  will  be  extended  with  a 
reasonable  increase  in  hardware.  The  AD  instrument  is  planned  to  be  hybridized 
and  the  present  size  would  be  drastically  reduced.  With  this  plan  for  a future 
instrument,  chair- als  would  be  added  and  channel  capacity  would  be  increased. 

5.  RMS  MEASUREMENT  MODULE 

Figure  12  shows  a block  diagram  of  the  RMS  meter  module.  The  video  input 
signal  is  obtained  from  the  detector  output.  A compensating  amplifier  is  used  in 
the  video  path  to  eliminate  the  roll-off  in  the  RMS  module  bandwidth,  which  is 
3 dB  down  at  1 MHz.  Additional  gain  is  supplied  with  this  amplifier  at  frequencies 
of  500  KHz  and  higher  to  compensate  for  its  roll-off.  The  compensating  amplifier 
provides  0 dB  gain  at  lower  frequencies.  This  amplifier  is  of  a common-emitter 
configuration,  using  emitter-peaking  to  achieve  the  increased  gain  at  higher 
frequencies.  This  allows  the  function  module  to  provide  useful  information  across 
the  widest  video  bandwidth  utilized  which  is  5 MHz. 

Th„  RMS  module  provides  a DC  voltage  at  its  output  which  is  equal  to  the 
RMS  value  of  the  input  signal;  that  is,  if  the  input  signal  is  a 10-volt  peak  sine 
wave,  then  the  output  will  be  a DC  voltage  of  7.07  volts. 

This  module  will  handle  signals  up  to  10  volts,  peak-to-peak.  This  allows 
a large  crest  factor  for  all  input  signals,  since  the  video  output  will  limit  at 
a value  of  5 volts  peak.  The  nMS  module  output  will  be  used  to  drive  an  opera- 
tional amplifier  used  as  a voltage- follower  which  contains  a series- resistor  at 
its  input  and  a 0 to  1 mA  meter  in  the  feedback  loop.  This  produces  meter  scales 
of  0.1,  0.5,  1,  5 and  10  volts  RMS. 

The  RMS  module  performs  the  following  functions  in  sequence; 

1)  The  input  signal  is  squared 

2)  The  squared  output  is  integrated  over  a time  period  which  is 
determined  by  external  capacitors 

3)  The  square-root  of  the  integrator  output  is  determined. 

Please  note  that  the  RMS  module  is  DC-coupled  throughout.  Compensation 
is  added  to  minimize  drift  problems  through  a temperature  range. 
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6.  SYSTEM  CONTROL 

The  block  diagram  shown  in  Figure  13  indicates  the  control  system  which 
is  used  with  the  Basic  Circuit  Modules  Receiver  and  Measurement  System.  The 
block  diagram  shows  a clock  control  logic  block  which  produces  the  prime  sweep 
signal  input  to  the  system.  The  clock  control  logic  is  activated  by  either  the 
manual  shaft  encoder  or  the  divided-down  crystal-controlled  clock,  depending  on 
whether  the  system  is  in  the  manual  or  automatic  sweep  mode.  The  output  of  the 
clock  control  is  a signal  at  the  desired  sweep  rate.  This  signal  steps  the  true 
frequency  counter.  The  true  frequency  outputs  are  used  to  provide  an  RF  read- 
out When  in  the  manually- tuned  mode  and  to  drive  the  VCO,  RF  preselectors  and 
form  the  display  sweep  in  both  the  manual  and  automatic  modes.  The  true  frequency 
counter  is  also  the  interface  point  between  the  control  system  and  the  programmable 
counter  which  is  part  of  the  phase-lock  loop.  The  phase-lock  loop  will  only  be 
used  in  the  manual  tune  mode  when  it  is  desired  to  stabilize  the  VCO  at  a signal 
frequency  or  tuned  at  a very  slow  rate.  The  true  frequency  counter  outputs  are 
converted  to  a control  voltage  in  the  D/A  converter.  The  D/A  converter  output  is 
then  modified  in  the  offset  network  to  provide  the  control  for  the  RF  preselectors, 
VCO  and  the  display. 

7.  CONCLUSION 

An  EMC  analyzer  has  been  demonstrated,  solving  the  conflicting  require- 
ments between  laboratory  and  site-survey  testing  by  utilizing  modular  techniques. 
The  nundaer  and  type  of  modules  used  in  the  EMC  analyzer  is  determined  by  each 
measurement  task.  The  EMC  analyzer  can  vary  from  a complete  system  covering  the 
entire  frequency  range  of  30  Hz  to  40ghz  for  laboratory  testing  to  a small, 
portable  unit  of  limited  frequency  range  for  field  use. 

The  Amplitude  Distribution  Measurement  technique  has  been  demonstrated 
to  be  applicable  to  all  modulation  forms  by  direct  comparison  between  known  input 
waveforms  and  the  AD  instruments  output  display.  The  comparison  was  validated 
by  the  use  of  many  types  of  signals  and  with  no  exception,  the  AD  instrument 
display  correlated  with  the  actual  input  waveform. 
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DISCUSSION 


G.  H.  HAGN:  I realize  that  the  authors  of  the  paper  are  not  present.-  so  I will  make  a 
comment  rather  than  ask  a question.  I believe  that  Fig.  7 contains  some  apparent 
inconsistencies.  For  example,  it  is  fundamental  that  noise  be  considered  as  a random 
process.  As  I pointed  out  in  paper  1,  one  uf  the  four  basic  measures  of  random  data 
is  the  mean  square  value;  therefore,  I am  puzzled  to  find  the  mean  square  column 
labled  "for  periodic  signals  only".  I suggest  that  the  other  columns  of  Fig.  7 should 
be  reviewed  rather  carefully. 

F.  D.  GREEN:  I would  like  to  know  if  the  rms  measurements  can  be  reduced  to  power  per 

unit  bandwidth.  If  so,  this  type  of  measurement  can  be  very  useful  universally,  since 
it  permits  the  use  of  various  measurement  equipments. 

(J.  B.  Hager  thought  this  could  be  done.) 


